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PREFACE. 


1 HAVE entloavourod in the following treatise to place 
before the student a complete series of those propositions 
in Hydrostatics, the solution of which can be effected with¬ 
out the Edd of the Differential Calculus, and to illustrate 
the theory by the description of many Hydrostatic Instru¬ 
ments, and by the insertion of a large number of examples 
and problems. 

In doing this I have had in view the courses of prepara¬ 
tion necessary for the first three days of the Examination 
for the Mathematical Tripos, for some of the Examinations 
of the University of London, and for various other Exa¬ 
minations in which more or le^s knowledge of Hydrostatics 
is required. 

As far as possible the whole of the propositions are 
strictly deduced from the definitions and axioms of the 
subject, but it is occasionally necessary to assume empirical 
resuHs, and these assumptions are distinctly pointed out. 1 
have thought it advi.sable to givo a slight account of some 
cases of fluid motion, and also to give an explanation of 
some of the more important phenomena of sound; in each 
of these cases 1 have iissumed, as the basis of reasoning, 
certain facts wliich can be deduced from theory by an 
;malytical investigation, but which it may be useful to the 
student to accept as experimental results. 

The Geometrical facts which are enunciated at the end 
of the Introduction are such as can be demonstrated with¬ 
out the aid of the ^lifferential (laiculus 



vi Preface, 

By FrofesBor Miller’s kind permission, 1 have been 
allowed to make use of the Chapter on Isistruments in his 
Hydrostatics: of this permission 1 have" availed myself in 
many case^ and, in particular, I am entirely indebted to 
Professor Miller for the descriptions of the Piezometer and 
Bterooraeter, and for information and references having 
regard to those instruments. 

The slight historical notices appended to some of the 
Chapters are intended to mark the principal stops in the 
progress of the science, and to assign to their respective 
authors the exact values of the advances made at different 
times. 

1 have given, in most cases, the answers to the examples 
and problems, and these will, 1 hope, sufficiently illustrate 
the subject, and form for the student a collection of useful 
and instructive exercises. 


W. H. BESANT. 


Ht John's College, 
April, 1863. 


PREFACE TO THE TENTH EDITION. 

In the present edition the text has been carefully revised, 
a chapter on Capillarity has been inserted, and other ad¬ 
ditions have been made. I venture to hope that these 
additions will be an aid to the Student and will increase 
the utility of the treatise as a Textbook. 

t 

W. H. BKSANT. 

St John’s College, 

April 1882 . 



TABLE OF CONTENTS. 


VAOS 

INTBODUOTION . 1 

CHAPTEE 1. 

AmiCLES 

1^18. Definitions and Fundamental Properties of 

Fluids, Hydrostatic Paradox, Hydraulic 
Presses.^ 

CHAPTER IL 

19—31. Density and Spec'^c Gravity ... 17 

CHAPTER HI. 

82—50. Pressures at diflferent points of a fluid, Pres¬ 

sures on plane surfaces, Whole Pres¬ 
sure, Centre of Pressure ... 25 

CHAPTER IV. 

51 _ 67 , Hesultant liorizontal and vertical pressures, 

Equilibrium of a floating body, stability, 
Metacentre. 

CHAPTER V. 

68— 94. Mechanical Properties of Air and Gases, Ther¬ 
mometers, Barometer, Siphon, Differen¬ 
tial Thermometer . . . 69 



viii Contents, 

CHAPTER VI. 

A11T1CI.E8 I'AUB 

95—121. The Diving Bell, PumpB, Bramah's Press, 

Air Pumps, Condenser, Manometers, 
Barker’s Mill, Piezometer, Hydraulic 
Bam. Steam Enginea .... 94 

CHAPTER VII. 

122—132. The determination of Spedfio Gravities, 
Hydrostatic Balance^ Hydrometers, Ste* 
reometer ..123 

CHAPTER VIII. 

133—157. Mixture of Gases, Radiation, Conduction and 
Convection of Heat, Dew, Hygrometers, 

Effects of Heat and Cold on liquids, Spe¬ 
cific Heal.134 

CHAPTER IX. 

158—164. On Rotating Liquid ..... 150 

CHAPTER X- 

165—170. On the Tension of cylindrical and spherical 

vessels containing fluids . • . ICl 

CHAPTER XI. 

171—177.- On Capillarity.168 

CHAPTER XII. 

178—183. The Motion of Fluids.173 

CHAPTER XIII. 

184—200. On Sound.179 

^^ppenduc 1. ........ 107 

,, H. Solutions of Problems .... 201 

hCscellaneouB Problems....... 216 

Answers to Examples and Problems .... 215 

Index .......... 224 



ELEMENTARY HYDROSTATICS. 


INTKODUCTION. 

T he object of thc'science of Hydrostatics is to discuss 
the mechanical properties of fluids, or to determine 
the nature of the action which fluic^s exert upon each other 
and upon bodies with which they are in contact, and to ex¬ 
plain and classify, under general laws, the Taricd pheno¬ 
mena relating to fluids which are offered to the attention 
of an observer. To effect this purjwse it is necessary to 
construct a consistent theory, founded upon observation 
and experiment, from which, by processes of deductive 
reasoning, and the aid of Geometry and Algebra, the ex¬ 
planations of phenomena shall flow as consequences of the 
definitions and fundamental properties assumed; the test 
of the theory will be the coincidence with observed facts of 
the results of such reasoning. 

We shall assume in the following pages that the student 
is acquainted with the elements of Plane Geometry, with 
the simpler portions of Algebra and Trigonometry, and of 
Statics, and, in the later chapters, with a few of the proper¬ 
ties of Conic Sections, and certain results of Dynamics. 

In dealing with any mechanical science, we may take as 
the basis of our reasoning certain known laws, derived from 
experiment, or we may deduce these laws from a set of 

B. XS. IX. i 
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axioms, and definitions, the axioms being tho result of in- 
dnctite reasonings from observed facts. With our present 
subject it is generally necessary to rest upon empirical 
laws, but in some cases these laws can be deduced from 
ithe axiomatic definition of a fluids For instance, in the 
first chapter we have stated as experimental laws the prin¬ 
ciples of the equality of pressure in all directions and the 
transmission of pressure, but this formal statement of fact 
is followed by a deduction of the laws, by strict reasoning, 
from the axiomatic definition. 

The idea of a varying fluid pressure and of the measure 
of such pressure is one of ^e first which presents itself as 
a difficulty; the student will perceive that it is a difficulty 
of the same kind as the idea of varying velocity and its 
measure. A body in motion with a changing velocity has, 
at any instant, a rate of motion which can bo appreciated 
and measured; and, in a similar manner, the pressure at 
any point of a fluid can be conceived, and, by reference to 
proper units, can be made the subject of calculation. 

In problems relating to tho equilibrium of fluids, an 
artifidai mode of thought enables us to reduce such pro¬ 
blems to the form of statical problems, and w^e are thus 
enabled to employ the laws of equilibrium, which have been 
proved for rigid bodies. 

Some of the most important results of the science will 
be found in the construction of Hydrostatic instruments; 
a consideration of these instruments, many of which we 
shall describe, will shew how universal are the practical 
applications of fluids, and that, while doing the hardest 
work of levers and pullies, they at the same time assist in 
the most delicate manipulations for determining weights 
and measures. The Hydraulic Press and the Stereometer 
illustrate these extreme applications of tho ijroporties of 
fluids. 

The articles printed in smaller characters in the follow¬ 
ing chapters may if necessary be omitted during a first 
reding of the subject, and the Examination papers which 
follow the first eight chapters are intended as a first course 
of questions upon the chapters. The examples which follow 
the Examination papers are somewhat more difficulty and 
Aould be d^t with after the former have been studied 
and dismissed. 



Introduction. 3 

The following geometrical facts are assumed and em¬ 
ployed in some of the examples. 

Ilie eofnUts qf a pyramid or <if a cone it ono4hird qf 
the prism or cylinder on the tame hate and qf the tame 
aUitude, 

The tolume qf a sphere it and its surface it 
4nT*, r being the radius, 

The volume of a paraboloid qf revolution is on^haif 
the cylinder on the same hose and qf the same altitude. 

The surface of a cone is i tx^coteca , r being the radius 
qfthe base and a the semivertical angle. This may also 

^ be written itvJ r^+h®, h being the altitude qf the cone. 

The area qf an eUipse is irab, 2a and 2b being the 
lengths qf its ares. 

The area qf the portion of a parabola cut off by any 
ordinate is two-thirds of the rectangle, the sides of which 
are the ordihdlc dnd corresponding abscissa. 

It is also assumed that the weight qf a cubic foot qf 
toater is 1000 oz. 



CHAPTER I 

D^nition qf a Fluids CompresaibUity of Liquids^ Fluid 
Preasure, Transmiaaion <f PresturOf Equality of 
Pretiure in all directiom^ Hydro^atic Bellows^ 
Hydroaialic Paradox^ HydroMliG Preaaea, and 
Safety Valves, 

1. TT is a matter of ordinary observation that fluids arc 
JL capable of exerting pressure. 

A certain amount of effort is necessary in order to ini< 
merge the hand in water, and the effort is much more sen¬ 
sible when a light substance, such as a piece of wood or 
cork, is held under water, the resistance offered to the im¬ 
mersion being greater as the piece immersed is larger. 
This resistance can only be caused by the fluid pressure 
acting upon the surface of the body immersed. 

If an aperture be made in the side of a vessel contain¬ 
ing water, and be covered by a plate so as to prevent the 
escape of the water, a definite amount of force must be 
exerted in order to maintain the plate in its position, and 
this force is opjjosed to, and is a direct measure of, the 
pressure of the water. 

* That the atmosphere when at rest exerts pressure is 
shewn directly by means of an air-pump. Amongst many 
experiments a simple one is to exhaust the air within a 
receiver made of very thin glass; when the exhaustion has 
reached a certain point depending on the strength of the 
glass, the receiver will be diivered by the pressure of the 
external air. The action of wind, the motion of a wind¬ 
mill, the propulsion of a boat by means of sails, and other 
familiar facts offer thomselves naturally as instanees of the 
pressure of Uie air when in motion. 



tiefiniiion of a Fluid, . 5 

2. All Bach Bubstances aa water, oil, m^rcary, Bteam, 
air, or any kind of gas are called floida, but in order to 
ob^n a definition of a fluid, we have to And a property 
which is common to all these dMerent kinds of substances, 
and whi<fli does not depend upon any of the characteristics 
by which they are distinguished fh>m each other. This 
property is found in the extreme mobility of their particles 
and in the ease witii which these partides can be separated 
from the mass of fluid and from each other, no sensible 
resistance being offered to the separation i^m a mass of 
fluid of a portion whether large or small. 

If a very thin plate be immersed in water, the resistance 
to its immersion in the direction of its plane is so small as 
to lead to the idea tliat a perfectly fluid mass is incapable 
of exerting any tangential action, or, in other words, any 
action of tiie nature of friction, such for instance as would 
be exerted if the plate were pushed between two flat boards 
held close to each other. Observations of such experiments 
have led to the following definition: 

A Fluid 18 a substance, siuih that a mass of it can be 
very easily divided in any direction, and cf which por¬ 
tions, however small, can be very easily separated from 
the whole mass ; i 

' And also to the statement of tho fundamental property 
of a fluid, viz.: 

The Pressure of a fluid on any surface with which it 
is in contact is perpendicular to the surface, 

3. Fluids are of two kinds, l iquid and gaseous, the 
former being practically incompressibleTwBile the latter, 
by the application of ordinary force, can be easily compress-^ 
ed, and, if tho compressing force be removed or diminished, 
will expand in volume. 

Liquids are however really compressible, but to a slight 
degree. 

Experiments made by Canton in 1761, Perkins in 1819, 
Oersted in 1823, Colladon and Sturm in 1829, and others, 
have proved the compressibility of liquids. 

The last two obtained the following results, employing 
a pressure of one atmosphere, that is 14^ lbs. on a square 
inch, at tho temperature 0^. 
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Moreorer the deereate in vciumetfor the eame ligmd, 
proptieiioMl to thepretewre, 

V be the original Yolume of a liquid, and V* its 
volume under a pressure J9, V— V* is the decrease in the 

V— V* 

volume and therefore —^— is the decrease in each 
unit of volume. 


Hence the law may be thus stated: 

V- r 

—p— ccp^fip, 

where p is different for different fluids. 

Thus for mercury, if p be measured by taking one atmo> 
sphericpressureas the unit, we have 000005. We shall 
; however, in all questions relating to equilibrium, consider 
liquids as incompressible fluids. 


Measure qf fluid pressure. 

\ 

4. The pressure of a fluid on a plane is measured, 
when unif orm over the plane, by the force exerted on an 
unit of area. 

Thus, if a vessel with a moveable base contain water, 
and if it be necessary to employ a 
Knee of 60 lbs. upward to keep the 
base at rest, then 60 lbs. is the pres¬ 
sure of the water on the base; and, 
supposing the area of the base to be 
4 square inches, and that a square 
inrii is the unit of area, the measure 
of the pressure at any point of the base is ISlbs. 

. The pressure &n a point of the base is of course sero; 

the pressp ra point is TUted ft^VAntioTin.lly 

Jtihe pressure on a square unit oontaining the point. 








Trammiaaion of Preaaure. 7 

If the pressure be Tariable oyer the plane, for in¬ 
stance, on the yertical side of a vessel, the pressure at any 
point is measured by the pressure which would be exerted 
on an unit of area, suppoeong the pressure over the whole 
unit to be exerted at the same rate as it is at the point. 

In order to measure the pressure of a fluid at any point 
ieithin its maaa, imagine a small rigid plane placed so as 
to contain the point, and conceive the fluid removed fh>m 
one side of the plane and the plane kept at rest by a force 
of P lbs. Then if a be the area of the plane, and the pres- 

p 

sure over it be uniform, — is the pressure on each unit of 

a -cj 

urea, and this is usually represented by p xi ‘ 

If the pressure over the plane be variable, we may sup¬ 
pose the area a made so small that the pressure shall be 
sensibly uniform, and in tliis caso P will bo small as well 

p 

as a, but or /? will measure the rate of pressure at the 
point*. 

p 

Or we may say that is the measure of the mean 

pressure over the area a, and that, when a is small, this 
mean pressure is the actual pnessure. 

' 6. Trammiazion of fluid preaaure. 

Any preaaure^ applied to the aurfaee of a fluids ia 
tranamitied equally to edl parta of the fluid. 

If a closed vessel be filled with water, and if A and B 
be two equal openings in the 
top of the vessel, closed by 
pistons, it is found that any 
pressure applied at A must 
be counteracted by an equal 
pressure at B to prevent its 
being forced out, and if C7 bo a piston of different size, it 
is found that the pressure applied at C must bear to the 
pressure on A the ratio of the area of C to that of A^ and 
that this is the caso whether the piston B exists or not. 

p 

* TUs may bo expressed by saying that p Is the ultimate value of - when 
«• and therefore P, are Indefinitely diminished. 





8 Trammiaaion of Pressure. 

Talcing a more general case, if a Teasel of any i^pe 
have Beyeral openings closed 
by pistons, kept at rest by suit¬ 
able forces, it will be found that 
any additional force P ap^ied 
to one piston will require the 
application, to all the other 
pi^iis, of additional forces, 
which have the same ratio to 
P as the areas of the respec- 
tiro pistons hare to that of the 
piston to which P is applied. 

6. To explain the reason of this equal trjinsmission, 
imagine a tube of uniform bore filled with water and closed 
by pistons at A and B. Then it may bo assumed as self- 




evident, that any additional force applied at A mil require 
an equal additional force at B to counteract it and keep 
the fluid at rest. 

Now suppose in the figure tliat A and B are equal 
pistons, and draw a tube of uniform bore and of any form 
connecting the two, and imagine all the fluid except that 
contained in the tul^ to be solidified. This will not affect 
the equilibrium, inasmuch as the fluid pressure on the sur¬ 
face of the tube is at all points perpendicular to tlio sur¬ 
face whether the fluid be or bo not solidified, and the ftd- 
ditional pressures on A and B arc equal as before. 

. Also, one piston (A) remaining fixed, the other (B) 
may be placed with its plane in any direction, and it follows 
that the pressure upon it is the same for all positions of its 
plane, or, in other words, the pressure of the fluid is the 
same in every direction. This proposition we i^all enun¬ 
ciate in a general manner in the next article. 



Pressure the same in all directions, 9 

The experimental fact that the pressures on pistons of 
different areas arc proportional to those areas may he de¬ 
duced as follows. 

Suppose in a closed vessel two apertures be made in 
which pistons are fitted, one being a square and the 
other a plane area B, formed by placing together two, 
three, or any number of squares equal to A ; then the ad¬ 
ditional pressure on each square being equal to the addi¬ 
tional pressure on A, the whole additional pressure will be 
to the additional pressure on dt as the area of is to that 
ofw4* 

7. The pressure at any point qf a Jluid is ike same 
in every direction. 

It is intended by this statement to assert that if at any 
point of a fluid a small plane area be placed containing the 
point, the pressure of the fluid upon the plane at that point 
will be independent of the position of the plane. 

The second figure of Art. (5) will servo to illustrate the 
meaning of the proposition. The aperture in which one of 
the pistons is fitted may be so constructed as to allow of its 
plane being changed; and it will be found that in any 
position, the pressure, or additional pressure, upon the 
piston is the same. * 

8. If a mass of fluid he at rest, any portion may he 
supposed to become rigid withxtut affecting its equilibrium 
or the pressure of the surrounding fluid. 

For any portion of a fluid mass may be contemplated as 
a separate body surrounded by fluid, which presses upon its 
surface perpendicularly at all points, and its solidification 
will introduce no change in the pressures upon it, and there¬ 
fore no change in the pressure at any other point of the 
fluid. 

This proposition enables us to apply the laws of statics 
to cases of the equilibrium of fluids. 

9. The two prindples of the equal iransmusion of pressure 
and of the equality of pressure in all directions, for the truth of 

* If ^ and B be two pistons of any shape and else, they can be divided 
Into small areas of the same shape and size, and by making these areas small 
enough, it wiU. be seen tliat their numbers will be nlttmately in, the ratio 
of the areas A and B. 



10 Pre99uve tJte same ib all directions. « 

whblt we have appealed to experienoe, can be deduced lirom tlie 
fundamental prepay of a fluid, etated as an axiom in Art. (2). 

TAe quality of prware txt any point in all dtreeHom, 

Wejball pro?e this for the case of fluids at rest under tiu> 
action of gravity, that is, for heavy fluids at rest. 






Suppose a small rectangular wedge or prism of fluid , having 
its sides horizontal and vertical, and its plane ends^ertioal, to 
be solidified, and let A£0 be its section by a vertical plane 
bisecting its length. This prism is kept at rest under the action 
of gravity and of the pr^sures of the fluid on its ends and ludes. 
The ends are supposed to be perpendicular to the sides of the 
prism; henoe, the pressures on these ends being perpendicular to 
all the other forces must balance each other, and the pressures 
on the sides ACj CB^ BA^ must balance the weight. 

liking d for the length of the wedge, a, i, c the sides of 
the triangle, w for the weight of an unit of volume of the fluid, 
and p\ p‘' for the measures of the pressures on the sides A C, 
CBg BAf these pressures are 

^ ^ ^ pldy p*ad^ and p'^de^ 


B - 


/ 


/' . and the weight is labdxv. 

«• **'■ SSf O 

Hence resolving vertically and horizontally, 

=p'a - p"c cos B, 
pb^p^camB; 

but a=cco8 Bt and fi = c sin ^; 
p-p''t and p^-p'*^\hw. 

If now we suppose the sides a, b indefinitely diminished, in 
which case p, p' and p" will be the pressures in different directions 
at the point <7, we shall have p'=^p", and therefore the three 
pressures are equal *. 

By turning the wedge round AC and chan^ng the angle 
A and B it will be seen that the proposition is true for all direc¬ 
tions. 

* In strictness pplT are the meuiires of Uie mean pressures on the sides 
of the wwlge, but a r^ereuce to Art. 4 on the measure of variable pressure 

shew why it is nnnecessazy to repeat an explanation already mate. 
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Hydrostatic BeUows, 



Let A and B be two points in a fluid at rest, and about the 
straight line as axis describe a cylinder having plane ends 
perpendicular to ABf and imagine this cylinder solidified. 


The equilibrium of the cylinder is maintained by the fluid 
pressures on its ends, which are parallel to its axis, by the fluid 
pressures on its curved surface, which are peipoidicular to its 
axis, and by its weight. 

Now resolving along ABt the difference of the pressures at 
A and B must be equal to the resolved part of tlie weight in 
the direction BA, bnd the weight 
remaining the same, any change of 
pressure at A involves the same 
change at B, Moreover, if fluid be 
contained in a vessel of any shape,^ 
and the straight line £ do not lie 
entirely in the fluid, the two points 
may be connected by a series of straight lines such as ACBB^ 
and any change of pressure at A produces an equal change at (7, 
and therefore, taking account of the previous article, the same 
change is produced at D, and therefore at B. 



12. The Hydrostatic Bellows is a machine illustrating 
the principle of the transmission of fluid pressure. 

B is the top of a cylinder 
having its sides made of 
leather, and CA is a pipe 
leading into it. If this ves¬ 
sel and the pipe be filled 
with water and a pressure 
applied at A, a very great 
weight upon B may>be raised 
by a small pressure at A^ the 

weight lifted being greater in proportion to the size of B, 




Hydrostatto Paradox, 

BTen without water weights may be raised by simply 
blowing into the tube A, 

13. Hydrostatic Paradox, 

Any quantity of fluids Jiowever small^ may he made to 
supp(»rt any useight^ however large. 

This is another mode of enunciating the same principle. 
For in the previous figure we may suppose the tube CA 
extended vertically, and the pressure produced by pouring 
in water to a considerable height, so as to produce a pres¬ 
sure at A by means of the column of liquid above it. The 
tube may be very thin, so that the pressure upon the sec¬ 
tion A of the tulm may be very small, but, as this pressure 
is transmitted to every portion of the surface which is 
equal to the section A, the force produced can be as large 
as we please. To increase the upward force on B we must 
enlarge the surface B^ or increase the height of the column 
of li<|uid in the tube, and the only limitation to the increase 
of the force vrill be the want of sufficient strength in the 
pipe and cylinder to resist the increased pressure. By 
making the height BG very small, and the tube A of very 
small bore, the quantity of fluid can be made as small as 
we please, andhouco the paradoxical statement made above. 

Hydraulic Presses. 

14. The transmission of fluid pressure is the principle 
upon which Hydraulic or Hydrostatic Presses are con¬ 
structed. 



Thus, if.^l,.Sbe two pistons working in hollow cylin¬ 
ders connected by a pipe 6^ aud filled with water, any force 
applied to tyhe piston B is transmitted to A, and the force 
upon A ip^greater than the force on B in the ratio of tho’ 
area oi A iti B, 



Baf&ty^Valm* 13 

This is a Hydraulic Press in its simplest form. Prac- 
ticallj it is reqtusite to have a reservoir frmn which more 
water can be obtained bj a pump, and we therefore defer 
the desmptiou of a complete Hydrostatic IVess until the 
principle of the Pump has been explained. 

THa SafeUh Valve. 

15. In many machines, and especially in steam engines, 
a very great fluid pressure may be produced, and the 
strength of the machine may be very severely tried: in 
order to guard against accidents arising from the bursting 
of the machine a safety-valve is employed, which serves to 
indicate the existence of too laige a pressure. 

Various forms may be used, but the principle of the 
safety-valve is simply that 
of the uniform transmission 
of pressure in a fluid. 

Thus if B€ be one of the 
connecting tubes through 
which the fluid passes, and 
Z> a small tube opening out of BC. the'pressure on a lid at, 
the end of D will measure tlie fluid pressure within, and if' 
the lid be of a suitable weight, it will be lifted when the 
pressure is greater than the machine is intended to bear. 
Suppose, for instance, the greatest permissible pressure of 
the fluid to be 500 lbs. on a square inch, and the sectional 
area of the tube to be ^th of a square inch, then a 
weight of or Sl^lbs. will be lifted when the pressure 
exceeds 500 lbs. The weight employed may be diminished 
if the lid be moveable about a hinge at Af and a weight tv 
be placed at some little distance from A, 

'Rv'- The tube D is circiUarf its diameter is (me-fourth 
of an inchf and a weight of 4 lbs. is attached to the lid at 
a distance of two inches from the hinge; it is required 
to determine the greatest fluid pressure which not 
lift the lid. 

The resultant fluid pressure will evidently act at the 
centre of the drcle, and therefore at a distance of Jth 
of an inch from A : hence if p be the greatest pressure 
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Virtual VeheUkt* \ 


required, the forces lbs. and 4 lbs. will balance about 
the point A, and therefore 


64 


.g=4x2, 


or^?= 


64x64 


«■ 




Taking 3, we obtain roughly p = 1365 lbs. 

Ex. 2. If the diameter bo ^ of an inch, and the dis¬ 
tance AW2i inches, find the weight which will indicate 
a pressure of 1000 lbs. on the square inch. 

Answer, 5^ lbs. approximately. ^ 

It will bo seen that in Hydrostatic presses, as in 
r all machines, the principle holds that what is gained in 
^jmoer is lost in motion. 

Thus, if there be two apertures in a closed vessel, fig. 
art. 6, and the piston B be forced dow'u through any ^ven 
space, the piston A is forced upwards, if the fluid be in¬ 
compressible, through a space which is less as the area of 
A is greater. 

This is a simple case of the principle of virtual velocities 
which we proceed to demonstrate, as appliedTto incompre^ 
sible fluids. 


v-v- Let A^ j5, f7,...be^the ar^ of a_numfecr of pistons 
working in cylindrical pl^s^fitted into the sides of a closed 
vessel which is filled with fluid. Let the pistons be moved 
in any manner so that the fluid remains in contact with 
them, and a, c,... be^the .spaces through which tliey are 
moved, (^esenquratities being positive or negative, as the 
pistons are paired inw'ards or forced outwards. 

Then, since the volume of fluid is the samo as before it 
foUowB that 

j4u+.55+C5(?+ ...=0, 


the positive portions, that is, the volumes forced in, being 
balanced by the negative portions, or the volumes forced 
out. 

- But if P, Q, P,... be the forces on each piston, 

P i Q i M i ...=j4 i B i C 

,\ Pa+Qh-^Bc-^ •as *^0 2 
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or the Bum of the products of each force Into the space 
through which its point of application is moved is eqi^ to 
sero; and observing that a, 5, c,... are proportional to the 
virtual velocities of the pistons^ this is the equation of vir> 
tual velocities, or virtual work. 

17. It is not to be imagined that there exists anj sub¬ 
stance in nature exactly fulfilling the definition which has 
been ^ven of a fluid. Just as the ideas of a perfectly 
smooth surface and a perfectly rigid body are formed from 
observations of bodies of difierent degrees of rigidity, and 
surfaces of different degrees of smoothness, so the idea of 
perfect fluidity is suggested. Nevertheless in the cases of 
fluids at rest the theoretical properties of fluids derived 
from this definition will bo found to agree with facts, and 
it is in cases of fluid motion that sensible discrepandes will 
bo found. Thus, a cup of tea set rotating will gradually 
come to rest, proving the existence of a friction between 
the liquid and the tea-cup, .and also between the particles 
of the liquid, since the dragging force is gradually commu¬ 
nicated from the outer to the inner portions. The motion 
of water in inclined tubes also indicates tlio existence of a 
frictional action amongst the particles of water. 

18. Recognizing the fact that alf fluids possess, more or less, 
the characteristic of viscosity, we can give a definition which will 
include fluids of all degrees of viscosity. 

A fluid is m aggregation of partides which yield to the slighted 
effort node to separate them from each other, if it be continued long 
enough. 

It folIow's from this definition that in a fluid in equiUbrium 
there can be no tangential acLion, or shearing stress, and there¬ 
fore that the pressure on any surface in contact with the fluid is 
normal to that surface. 

Hence all theorems relating to the equilibrium of fluids are 
true for fluids of any degree of viscosity. 

EXAMINATION UPON OHAPTEB t 

• 1. DiSTiNaniSH between elastic and inelastic fluids. Are 
any hquods absolutely inelasticl 

2. State the property which is assumed ai the basis of all 
reasonings upon fluid action. 



Examination, 

$. Define the measure of fluid presenre. 

* 4. It is found that the pressure is uniform over the whole 
of a square yard of a plane area in contact with fluid, and that 
the pressure on. the area is ISOOSlbs.; find the measure of the 
pressure at any point, 1st, when the unit of length is an inch, 
:£nd, when it is two inches. 

r 6* The plane of a rectangle, in contact with flui(^ is Terti- 
cal, two of its sides are horizontal, and it is known that at all 
points of the same horizontal line the pressure is the same. The 
pressure on the rectangle, for all values of h, is tobh (a+h) where 
b is the width and h the height of the rectangle; ^d the pres* 
sure at any point of the upper side. (Art. 4.) 

''6. A cylindrical pipe which is filled with water opens into 
another pipe the diameter of which is three times its own dia¬ 
meter : if a force of 20 lbs. be applied to the water in the smaller 
pipe, find the force on the open end of the larger pipe, which is 
necessary to keep the water at rest. 

V 7. Account for the fact of the transmission of pressure 
through a liquid. 

.Mention any direct practical application of this principle. 

V 8. In a Hydrostatic Bellows (Art. 12), the txibe A is -|th of 
an inch in diameter, and the area ^ is a circle, the diameter of 
which is a yard. Find the weight which can be supported by a 
pressure of 1 lb. on the water in A. 

9. A safety-valve consistc of a heavy rectangular lid which 
is horizontal when it closes the aperture beneath it, and is 
moveable about one side. Tlie aperture being a square which 
has one side coincident with the fixed side of the lid, find the 
maximum pressure marked by the valve. 

10. Prove the principle of virtual velocities in the case of 
the sixth question. 

'' 11. A triangular area A JSC is exposed to fluid pressure, and 
it is found that if any straight line PQ be dravm parallel to BCt 
and at a distance x from A, the pressure on the area APQ is jtx* i 
find the pressure at A, and also at any point of the line BO, 

12.„ A strong cylindrical tube, one foot in diameter inside, 
fttid ten feet in length, is filled with distilled water, and closed 
with a pistem to which a pressure of 10000 lbs. is applied; shew 
that the resulting compression of the water will be nearly of 
an inch. 
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DemUy md Spedjw Gramiy. 

19. TN the clasBification of fluids the most promment' 
X diTision is between gases and liquids, or elastic 
and non-elastic fluids, as they are sometimes termed, and ^ 
under these two heads all fluids are naturally ranged. It 
has been remarked already that the term non-elastic is in¬ 
accurate, but no confusion will be produced by its use, as 
the compressibility of liquids is practically insensible, and 
for all ordinary purposes unimportant. 

It will be found, however, that the theory of sound is 
partly dependent on this compressibility, and it is there¬ 
fore of imnortauce at once to recognize its existence. 

Thero are many other characteristics which distinguish 
fluids from each other, such as colour, degree of transpa¬ 
rency, chemical qualities, viscosity, &c., but in the theoij 
of Hydrostatics and Hydrodynamics the only characteristic 
which it is necessary to consider is the density or ^eciJUi 
I gravity of a fluid. 

It is not meant that density and specific gravity are 
synonymous terms, but that these terms have reference to 
the substance of a fluid. 

Thus, a cubic inch of mercury and a cubic inch of "irater 
have* different weights, the former being more than 13 times 
the latter, and it is inferred that the quantity of matter 
in the mercury is greater than in the water, or that the 
density of mercury is greater than that of water. 

These remarks apply to both fluid and solid bodies, and 
the density and specific gravity of a fluid or solid must be 
measured respectively by reference to the density and 
cific gravity of some standard substance. 

B. B. B. 


2 
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Density, 

20. We may remark at this point that in one respect 
all flnidB agree, whether elastic or not; they are all pon 
dsrdhls bodies, that they ai^ idl acted upon by gravity, 
and exhibit different degrees of intrinsic weight The term 
density refers to the material of which bo^es are com¬ 
posed, and tlie idea of a difference of density in two bodies 
does not inyolve the conception of weight, while the term 
specific grav^y refers to the vaiying effect of the action of 
gravity on different bodies* ' 

DxFiNmoir. The mecuureqf the density cfahody 
ie the number expreesmg the ratio which the maet of any 
volume of the b^y hears to the mass of a^t equalf volume 
qf the standard substance. ^ ^ 

For any given fluid let p be n^ber, and let unity 
represent the standard subetance; p is then the density of 
the fluid measured in terms of the density of the standard 
substance. 

It is clear that if a body be compressed into half its 
ori^nal volume, its density ^1 be doubled, while its mass 
or the quantity of matter contained in it remains the same; 
and sin^arly, if it be compressed in any other proportion, 
its density will be increased in the same proportion. This 
expressed by saying that 

Moi p r, 

M representing the mass and V the veluma , 

Again, it is known that the weight of a body depends 
upon its position on the earth’s siuTace, but that in all 
cases if ^ be the local acceleration due to the action of 
giavity, the we^ht of a given body, that is, a body of given 
mass, varies as g, 

or W cc g, 

and it is obvious that at all places 

WwM. 

Therefore generally W x Mjg, 

or WasgpV; 

and we may suppose the units involved in these several 
ig^bols so chosen that the relations may be 

M—pV, W-Mg^ and,*. W-gpVx 
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22. It must be obseryed thftt this formula defines one 
if the rest be given. 

Thus, if the unite of apace and lime be a foot and a second, 
it is known that ^=s32.2, and making p—X, and F=^l, i.e. a 
cubic foot, we obtain the weight of an unit of volume of the 
standard substance 

ss(32.2) unit of weight; 


and therefore the unit of weight is (the wei^t of a cubic 

foot of the standard substance). 

Now, if distilLed water at a temperature 6(fi F. be the stand¬ 
ard substance, the weight of a cubic foot is about 1000 oz.; 
and therefore the formula W^gpV implies that the unit of 

• 1 , 4 . • 

weight IS ^ oz. ; 


and therefore that W=1000pV oz. 

Ex. Taking dUtitted water om tht ttamdard mdtstance, find 
the weight of 12 cubic feet of a aubatcmce of which the deneUy 
u3.5. 

The weight=ox 3.5 x 12 x 1222 ©z. = 42000 oz. 

9 

This example is more directly solved by observing, that the 
weight must be 3.5 times that of^l2 cpbic feet of water. ^ 


23. In the previous Particles we have considered homo¬ 
geneous bodies only; if the density be variable, or the 
bodies be heterc^eneous, the density at any point of a body 
is that of a homogeneous mass which has the same density 
as the body about tho proposed point. 

If the density vary continuously from point to point 
we may determine it at a point by taking a small mass of 
the fluid containing the point, and comparing its weight 
with that of an equal volume of the standard substance, it 
being conceived that in a very small continuous mass the 
density will not vary sensibly throughout. 

24. In order to render more clear the mathematical 
conception of a continuously varying substance, imagine a 
number of homogeneous strata of equal thickness t placed 
on each other, and suppose the density of the lowest stiu- 
turn to be p and of the highest p\ and of the intermediate 
stauta let the densities increase b;jr successive additiems 
from p* to p. 


2—2 
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DenaUy a/Hd Bpeotjic Xjhrdviiy, 

If now we suppose the thickness of each stratum t to 
become indefinitely smalli and the numbm* of intermediate 
strata to become indefinitely large, while the densities of 
the extreme strata p, p' remain the sam^ the densities of 
the intermediate strata which are to increase from p' to p 
will differ from each other by infinitely small quantities, 
and we can thus form an idea of a continuously Yazying 
medium. * 

This mode of viewing continuity by means of disconti¬ 
nuity is necessary for the purposes of mathematical calcu¬ 
lation. 

The atmosphere in a state of rest is a case in point, as 
its density decreases continually as the hdght increases. 


25. The density of a mixture may be determined by 
the previous formula M=p V. 

Thus, if volumes P, V^'y,.ot fluids whose densities 
are p, p', p''...be mixed together, and if the mixture form 
a homogeneous mass, and no change of volume occur from 
chemic^ action, the whole mass 


=pr+p'p+p"r'+...=s(pF), 

and the whole volume = P+ P+ P'+...=S(P); 


the density of the mixture = 


S(pP) 

SP * 


I 


26. DsFiNinoif. wwwwiers q/* the ^cijic gravity 
'of a body is the number expressing the ratio which the 
weighs ^ any volume qf the body bears to the weight 
^an equal volume cf the standard substance. r ^ 

This definition, it will be seen, makes the^measure of 
specific gravity the same as that of its density, provided 
the standard substance be the same in both cases. The 
standard substance, however, is not necessarily the same. 

If s bo the specific gravity of a body or fluid, and W the 
weight of a volume V of the body or fluid, we have the 
relation 

^ t ^ “sVff 

which means that if the unit of weight be the weight of an 
.unit of volume of the standard substance, the weight is sP 
times that unit of weight. 
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Thus, if distilled water be the standard, and one foot be 
the unit of length, the weight of a Tolume F of a flui^ 
which the specific gravity is #, s=sF times the weight of a 
cubic foot of water, 

=1000s Foz., ori^^sFlbs, 

lo 

27. To find the epedifie gravity a miay/Ure (tf given 
volumes efi any number qf fluids, whbse specific gravities 
are given. 

Let F, F', F",,..be the volumes of fluids of which the 
specific gravities are a, d, 

Then the weight of the mixture is 

sV+8'r+d'V"+...oT2(sF), 
and tho volume is F+ F'+ F''+ ...or S(F), 
and therefore if o- be the specific gravity of the mixture, 

*rS(F)=2(sF), 

_S(sF) 

2(F)- 

If by any chemical action among the fluids the volume 
becomes U instead of 2( F), the specific gravity will be 

2(sF) 

j < 

28. To find the speeifle gravity cfa mixture when the 
weiglUs and spe^fle gramties qf the components are given. 

Let W, FP, FPV** weights, and a, s',... the 

specific gravities of the respective fiuids. 

FF W* 

Their volumes are respectively —, 

W W* / FF\ 

and the whole volume =— + -y-+... = 

while the whole weight= FF+ FF^ + ...=2(FF). 

Hence if o- be the specific gravity of the mixture, 

FF> 


or 0 ’= 


<r.2(-^)=2(FF). 


20. To find da unit of opeeific gravity, or to ddemine the 
tpetyfic gravity of the standard subetanoe when the unite of length 
and wight ore given. 
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D&mty and Specific 

"From the equation TFseF, vhidh gives |r«=l 
and 7 b 1, it appears that the standard substanoe it one of wMdi 
the vreight of an unit of voloine is the unit of weight. ^ 

Thus if 1 lb. and 1 foot be the units, the stands^ is that 
substanoe of which a cubic foot weighs one pound. 

Kow a cubic foot of water weighs 1000 oz.; therefore of 
a cubic foot of water weighs llh 

The standard substance therefore is sudh that a cubic foot of 
it weighs the same as rHr ^ ^ cubic foot of water. 

Hence the densitj’ of the standard is to the density of water 
as 16 : 1000. 

30. Oompariion of ike equations W=sV, W—gpV, 

It appears from the definitions that, if the standard sub¬ 
stances be the same^ the measures of the density and spedfio 
gravity of any given fluid are the same, that is, the numbers 
t and p will be identical. The standards however not being 
necessarily the sam^ s and p will be in general different num¬ 
bers. 

From the equations TTbsF, W=gpV, we infer that if the 
standard substances are the same and the units of length the 
same, the units of weight are different. In fact, the unit of 
weight in the first equation would be g times that in the second. 

We also infer that if the unita of weight and length are the 
same, the standard substances are different. Thus if e and.p 
refer to a substance of which a voliune V weighs TT, then 
and tiierefore the density of the standard to which s refers is Use 
than that to which p refers in the ratio of y: 1. 

In the equation W^gpV, the unit of time enters, the value 
of g depending upon it; and, by a change in the unit of time, 
one or more of the other unita, those namely of length, weight, 
and density, is necessarily changed. 

31. The practical methods of determining the specific 
gravities of solids, liquids, and gases will be discussed.in a 
future chapter. 

For solids and liquids tables of spedfic gravity are 
usually given with reference to distilled water at 60° F. as 
the standard. 

Gases and vaponrs are, however, generally referred to 
atmospheric air at the same temperature and under the 
same pressore as the gases themselves. 
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BZAMINATIOir UPON OBAPTKE H. 

41. Explain how density is mearared. 

'iWhat convention with regard to tmits is imjdied in the eqna* 
tion W=gpV% 

*^2. Find the weight of a onbio foot of meronry, the spedfio 
gravity of which is 13.66S, 

J£ a cubic inch of a standard substance weigh .45 of a. ‘ 
lb., what is the weight of a cubic yard of a substance of which the 
density is 5 ? 

4. A mixture is formed of two fluids; the specific gravity 
of Ihe mixture, the ratio, m : 1, of the volumes, and the ratio, 
n : 1, of the specific gravities are given; find the qiecifio gravi¬ 
ties of the fluids. 

V 5. Equal weights of two fluids, of which the densities- are 
p and 2/9, are mixed together, and one-third of the whole volume 
is lost; find the density of the resulting fluid. 

V 6. Taking water as the standard, find the weight of a cubic 
yard of a substance of which the specific gravity is .12. ^ 

^7. A cubic inch of a substance weighs -||f|ths of a lb.; 
find its specific gravity referred to water. 

8. mixture is formed of equal volumes of three fluids; 
the densities of two are given and the density of the mixture is 
given; find the density of the third fluid. 

v9. Volumes F, V' of two fluids, the specific gravities of 
which are <r, are mixed together, and the specific gravity of 
the mixture is s ; find the change in volume. 

WIO. Two fluids of equal volume, and of specific gravities 
s, 2s, lose ^th of their whole volume when mixed together; find 
the specific gravity of the mixture. 

EXAMPLES. 

v'l. A mixture is fonned of equal volumes of n fluids, the 
densities of which are in the ratio of the numbers 1, 2, 3,...n; 
find the density of the mixture. Also find the density of the 
mixture when the volumes are Ist, in the ratio of the num¬ 
bers 1, 2, 3,...n, and 2nd, of the numbers n, n>l,...3, 2, 1. 

2. Having given the specific gravity <r of a mixture formed 
of equal volumes of two fluids, and also the specific gravity 4 / of 
a mixture fonned by taking a quantity of one fluid double that of 
the other; find the specifio gravities of the fluids. 
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vs. If 25 Qz, be the unit of veight, and a yaxd and a eeoond 
the tmite of length and time^ what ie the dendty of the etandaid 
BubBtanoe oompaired with that of in the equation Wj^gp F*! 

V 4. If 8 owt* be the unit of we^fht, and 4 feet the unit of 
length, find the denntj of the Btan^rd compared with that of 
water, the unit of time bwg one second. 

^ 5. If the units of weight, length, and time be 1 lb., one 
foot, and one second, compare the standards in the formulie 
W^gpV. 

6. If the units of weight and length be the same, the latter 
bong one foot, find the unit of time in order that the standard 
may be the same in both formulse. ^ 

^ 7> If the units of wei^t, length, and time be lib., one yard, 
and half a second, compare the standards in the equations 
W^gpV, WsstV, 

If the standards be the sam^ and also the units of weight, 
find the unit of length in W^gpV, the unit of time being 2>/2 
seocmds, and the unft of length in W^^iT being one foot. 

j 

9. If the mutsm length and time be 8 yards and 4 seconds, 
and if the units of wd|^^ be also the same in both equations, 
oompm^e the densities oftiie standard substances. 

IOl When a Teasd is filled by means of equal Tolumes of two 
fluids, the specific gravity of the compound is -f of what it would 
have been if the vessel h^ been filled by means of equal weights 
of the fluids. Compare the tpeoific gravities of the two fluids. 

Kots. In the above eauunples aasume that ^=82 when a ^ 
foot and a second are units. 



CHAPTER IIL 

Pressure at different points qf a liquid at restf Surface 
cf a liquid^ Liquids maintaitUng their lecelf Liquids 
in a bent tube^ Pressures on Plane Sur/aeeSf Whole 
Pressuref Centre of Pressure, 

32 . rriHE pressure of a liquid at rest is the same at 
J- oM points of the same horizontcd plane. 

Take a thin cylindrical portion AB of the liquid, hav¬ 
ing its axis horizontal, and its ends B vertical, and 



imagine this portion to become solid. We have then a 
solid body AM kept at rest by the fluid pressures on its 
curved surface, ail of which are perpendicular to the axis 
of the cylinder, by the pressures on the two ends, which 
are horizontal, and by the weight of the solid. 

If p and p' be the measures of the pressures at A and 
B, and a the area of each end, which is taken to be very 
small in order that the pressure may be sensibly uniform 
over the whole of either end, tbe pressures on the ends 
are pa and p'a^ and since these balance each other, we 
have 

p=p\ 

This proof also holds good for the case of elastic fluids, 
or of heterogeneous incompressible fluids. 











26 Presswre of a liquid at any depth, 

83. To fmd the pretsure ai any given depth in a 
heavy homogeneottt liquid at rest. 

Taking any point P in the fluid, draw PA yertically to 
the suifaoe, and describing a thin cy¬ 
linder about PA with its base hori- 
sontal, imagine it to become solid. 

Then the solid body PA is kept at 
rest by the fluid pressure on the end 
P, the weight of the solid, and the 
fluid pressures on the curred surfisce, 
which are ah horizontal 

Hence the fluid pressure on P must bo equal to the 
weight, and therefore, if a bo the area of the base, w the 
weight of an unit of volume, and p the pressure at P, 

passipa,APt 
or p—id.AP\ 

that is, the pressure at any depth varies as the depth below 
the suriaco. 

Similarly, if P and Q bo any two points in the same 
vertical line, by solidifying a cylinder A 

PQy it will be seen that the difference 
of the pressures on the ends P and Q 
of the cylinder must be equal to the 
weight of the cylinder. 

Hence if p,p' bo the pressures af g ~ 

P and Qf ^ 

p'a —pa = Wa. PQ, 
or p'—p=w.PQ} 

that is, the difference of the pressure 
at any two poinU oariee ae ihe vertical distance between 
the points. 

If p be the density of the liquid, the weight of AP is 
gpAP, and therefore, if APt^z, 



34. The form, gpet, of the ezprearicoi for p is the one which 
we shall generally employ, and a few remarks upon it will be 
usefttl. 

The symbol p represents the pressure on an unit of srea, and 
therefore its nnmerical Talus depends on the unit of length whiob 
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is adopted. Further, the numerical value of g depends on the 
unit of time as well as the unit of length, and the value of p 
depends on the standard to which the liquid is referred. Hence 
the numerical value of jp depends on all these elements. 

Thus, if water he the standard, and a foot and a second be 
units of space and time, we obtain, at a depth of one foot in 
water, putting p—l and sssl, liTow we know that at 

this depth tlft pressure is really 1000 oz. per square foot, and 

therefore p being 32, the unit of weight must be oz. 


Hence with these units the actual pressure at a depth z is 
lOOOpz oz. 

Again, if 1 lb. be the unit of weight, one second the unit of 
time, and water the standard, we shall obtain 


,1000 32 


X feet being the unit of length, and 


. 32x16 , , ^ 

louo" 


In all these Ctises ii will be seen that we must have given 
some fact relating to the weight or density of the standard sub¬ 
stance. 


35. Let the cylinder of which A I* is the axis be bounded at 
i* by a plane not horizontal, and let a be its 
area and 0 its inclination to the horizon. 


A 




lj[hen for the equilibrium of the cylinder, 
taking p' as the pressure at P upon a\ we 
have by resolving vertically, 

p'af cos d=waAP, 
but a=a'cos&; 

p'=tD.APt which is independent of ft 

We thus have another proof of the propo¬ 
sition that the pressure at any point is the 
some in all directions. 

It may be perhaps objected to the proof of Art. 33 'that the 
surhice at A is assumed to be horizontal. By making the cy. 
Under AP & very thin cylinder, that is, of very small radius, it 
will be seen that its weight is sensibly ypaAP, and therefore that 
the proof does not depend on any assumption as to the form of 
the surface. 
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Or, to roMon more etrioUy, draw two horizontal planes 
through the highest and lowest points A t| 

of the small portion AB of the surface inter- — ' - 

oepted by the oyhnder. - - ~ 

Then, if the radius of the cylinder be in- 
definitely diminished, these two planes will ^ 

coalesce. ^ 

If t and ^ be the heights above P of these . 
planes, the weight of the cylinder lies be- 
tween 

gpaz VkiA gpasf, 

and therefore^ lies between gpz and gpef, ^ 

and ultimately when the planes coalesce P 

p-gpz. 


36. Difference qf pressuree ait any Vm levde in an 
elastic ffuid. 

We have already mentioned in Art. 20, that gases are 
heavy bodies; hence, by the same reasoning as in Art. (33), 
if P and Q bo two units of area in an elastic fluid, P 
being vertically above Q, the difference of the pressures 
at P and Q is equal to the weight of the column of air 
PQ. This column is not of uniform density, and hence the 
law of variation of the pressure at different levels in an 
elastic fluid does not present itself in a simple form. Fur¬ 
ther information will be found in Chapter Y; at this point 
we need only call attention to the fact that the pressure 
decreases as wo ascend in an elastic fluid. 

37. The eurface of a liquid oA reel is a horizonted 
plane. 

Take two points P, Q, in the same horizontal plane, 
within the liquid, and draw PA^ 

QB vertically to the surface. 

Then pressure at P=iB.APf 
pressure at Q—to.BQ, 
and these are equal; therefore 
AP and BQ are equal, and 
A, B are in the same horizontal 
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plan4 Similarly any oiher paint in the Burfaoe can bo 
proved to be in the same horizontal {dane wiih A or B, 

Or we might have argued that, since the pressures are 
equal at all points of ^e same horizontal plane, con¬ 
versely, all pointa at which the pressures are equal are in 
the same horizontal plane, and therefore all points in the 
surface, at which the pressure is either zero, or equal to 
the atmospheric pressure, must be in the same horizontal 
plane. 


38. The pressure of the atmosphere is found to be 
about 14.73 lbs. to a square inch, or very nearly 15 lbs. 
We can hence calculate the pressure upon any given area, 
and, if n be the atmospheric pressure on the unit of area, 
the pressure at a depth z of a fluid, the surface of which, 
is exposed to atmospheric pressure, will be 

gpz-^TL 


39. Illustration. Take a hollow glass cylinder open 
at both ends; in contact with the lower end, and dosing 
that end, place a heavy flat disc supported by a string 
passing up the cylinder. { 

Holding the string, depress the cylinder in a vessel of 
water, and it will be found that, at a cer¬ 
tain depth, the string may bo loosened, 
and the disc will remain in contact with 
the cylinder, being supported by the 
pressure of the water beneath. 

If w bo the weight of the disc and r 
the radius of the cylinder, the requisite 
depth {as) of the disc is given by the equa¬ 
tion 

! I vs^gpxim^, 

\ 



The presence or absence of tho atmosphere will not 
affect this depth, since the pressure of the atmosphere 
downwards on the disc wnuld bo counteracted by the 
pressure upwards, transmitted from the surface of the 
water. 


40. If in Art. (320 the line AB do not lie entirely 



so 


lA^ids maintain, ih&ir &vel, 

within the fluid, we can still 
proTo the truth of the pro¬ 
portion bj tho aid of Art. 

m 

Per A and j? can be con¬ 
nected by horizontal and Tor- 
tical lines aa AC, CD, DB, 
and 


pressure at .8=pressure at D—vo.BD 
=pre8suro at C—w,A€ 

=prcssuro at A. ^ 

41. Hence it appears that all points on the surface of 
a liquid, at which tho pressure is either zero or is equal to 
the constant atmospheric pressure, must be in the same 
horizontal plane, and that this is true even though the 
continmty of the surface be int errupted by the immej^n 
of solidD^iSes, or mlmy other way. ~ - - 

This sometimes appears under tho form of tho assertion 
that liquids maintain iheir level, and an esperimental 
illustration may be employed as iu the figure. 




A number of glass vessels of different forms, all open 
into a dosed tube or vessel AB, and it is found that if 
water be poured into any one of the tubes, it wiU, after 
filling the tube AB, rise to exactly <bo same vertical 
height in every one of the tubes, and if any portion bo 
withdrawn from any of tho vessels, that tho water will sink 
to its new position of rest through the same vertical height 
in each. 





Common ourjwse of two liquids. 3} 

An important practicsd illnstratian of iHs principle is 
seen in the constniction by which towns are supplied with 
water. A reservoir is placed on a height, and pipes lead* 
ing from it carry the water to the tops of houses or to any 
point whi^ is not higher than the surface of the water in 
the rosmrvoir, and these pipes may be carried under ground 
or over a road, provided that no portion of a pipe is above 
the original level. 

^42. The common surfo/ce qf two liquids that do not 
mix is a horizotdal plane. 

Take two points P, Q in the lower fluid, both in the 
same horizontd plane, and let ver¬ 
tical lines PA, QB to the surface 
of the upper fluid meet the com¬ 
mon surface of the fluids in C and 
D. 

Then if be the Veigbt of an 
unit of volume of the lower fluid, 
and w of the upper, 

pressure at P=tt5^.(7P + pres- 
sui’e at O 

—uf. CP +fo. CAj 

and at 

w*,€P+w.CAsiid.QD^w.BB, 

Also AB is horizontal, and therefore 
CP^CA=^QD+BBi 
multiplyipg by w and subtaactiiig, 

, («/—«c) 0P=(«/—*0) QP, 

or CP-QD, and ther^ore CD is horizontai 

43. Jf two liquids that do not mix together meet in 
a "bent tube, the heights qf iheir upper surfaces above their 
common surface will be inversely proportional to their 
densities. 

Let A and P be the two suilaces, C the common sur- 
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hc6y «iid p, p* tbe densities otBO 
and CA, 

Let horizontal planes through 
A, Bf and C meet a vertical line 
in Oy and e, and take CT in the 
denser fluid in the same hori¬ 
zontal plane as C, 

The pressure at C-gp*!^, and 
at C -^gpac, and these are equal, 
by Art 32; 

phc^pac, 

1 

or be ; ac =~: 

P P 

44 . Tteo Jiuids ihM do not mix are contained in the 
eame vessel; it is required to find the pr^rure at a given 
depth in the lower fiuid. 

Let P be the point in tho lower fluid, PBA a vertical 
line meeting the common surface 
in B. Describe a small cylinder 
about APi and suppose it solidi¬ 
fied. 

Then, if p be the pressure at 
P and a the sectional area of 
the cylinder, 

weight of ABP=gpABa+gpBPa^ 

p and p' being the densities, 
or p=gpAB-\-gpBP. j 

This might have been at once inferred from the equa¬ 
tion 

p=gp'BP+prea8wco at Bj 
for the pressure at B^gpAB* 

And in the same manner tho pressure at any point of 
a mass of fluid containing any number of strata of different 
densities can be determined. 

If the surface A be subject to the atmospheric pres¬ 
sure H, 




the pressure at P=^gpBPtrgpAB-k‘TL.^ 



Bresaure on Pianos, 33 

45. We now proceed to consider two simple cases of 
the pressure of a fluid on plane surfaces. 

PiWP. Tho preamrs qf a liquid on any Jiorizontal 
area it equal to the toeighl of a edumn cf the liquid of 
which the area it the hate and cf which the height it equal 
to the depth of the area hdow the turf ace. 

For, if ^ be the depth, the pressure at every point is 
wz or gpz; 

.*. if X be the area, the pressure upon it=tc^K, 
and zk is the volume of the column described. 

It will be seen that this is independent of the form of 
the vessel containing the fluid. 

This result may also be obtained in the following 
manner. ^ 

Draw through the boundary of iT vertical lines to the 
surface and suppose the portion of fluid enclosed to be¬ 



come solid. The pressure of the surrounding fluid is en¬ 
tirely horizontal, and therefore the pressure on the base 
must be equal to the weight of the solid. 

If the vessel be of the form indicated in the dotted 
line so that the actual surfiace does not extend over the 
area wo may suppose ilie fluid extended over K by 
enlaiging the vessel, and the pressure at any point of K 
will not be changed. Hence the above reasoning is appli¬ 
cable to this case iJso. 

Thus if a hollow cone, vertex upwards, be filled with 
water, and if r be the radius of the base and h the height 
of the cone, the pressure on the basestonr^^, or gput^h, 
that is, the weight of the cylinder of fluid on the same 
base as the cone, and of the same hei^t 

B. n. H. 


3 



<m Planes, 


''46. A plane area in ihe form of a rectangle %» just 
immereed in liquid wUk one edge in the surface, and its 
plane indined at an angle 6 to the vertical; it is required 
to find the pressure upm. it. 


Let the be a vortical section peipendicular to 

^ 9 



the side b of the rectangle m the surface, AJB{=a) being 
the section of the rectangle. 

Draw a Yortical piano J3C tlirough the lower side JS, 
and suppose tho fluid in ABG to become solid; then its 
weight is supported by tho plane AB, since the pressure 
on BC is horizontal. 


. Hence if be the pressure on AB, perpendicular to its 
plane, 

i28md=weight of ABC^lw.AC.BC.b 
=^M;ZwE“sm d cos d; 

B =^Mr&a*co8 6 = tela, la cos 

that is, the pressure is the weight of a column of fluid of 
which the rectangle is tho bsisu, iind the height is equal to 
the depth of Hie middle ixiint of A B below the surface. 

Since the direction of /£ makes an angle d with the 
horizon, it follows that the horizontal component of B is 


licba^ cos^d. 

Now tho solid ABC is kept at rest by the horkoutal 
pressure on BC, by its weight, and by the reaction B, 

Hence the pressure on BC- B cos d=JicZ>a*cos*d 

-w.baoo^B .\aoo%B > 
=«7i(area BC) (depith of middle point of BC), 
the same law as for AB. 

This also appears from the value of B by putting d»0. 




"'TUfinlA 1^Tp£jatijrA ft} 

The results tiins obtained are generafized in the fol¬ 
lowing article in whidi a different method is adopted. 


- , WTyole Pressure, 

47. Bbp. The whole pressure qf a fluid on any sur- 
face is the sum of all the normal pressures exerted by the 
fluid on exery portion of the surface. 

In the case of a plane , the pressuie at every point is in 
■the same direction and the whole pr^iire is t^e 
tlm resultant preaanre. In the case of c urved surfyes , the 
whole pressure is merely the apthyneticfti sum of all the 
preaauT-ftfl lining YftrioiM dipBCtiona over the aur^e. 

“ 48. Pbop. The whole pressure qf a liquid on a sur- 
yfaee is equal to the weight qf a column qf liquid of which 
the hose is equal to the area qf the surface^ and the height 
is equal to the depth of its centre qf gramty hdow the 
surface of the liquid. 

Let the surface be divided into a great number of very 
small areas oj, 0 ^, 03 ,...and let z-^ z^, 2 r 3 ...be the depths 
below the sutface of the centres of gravity of these areas. 
By making the areas very small, each may be considered 
plane, and the pressures upon them will be respectively 

taking the pressure over ejich area to bo uniform. 

Hence the whole pressure {az). 


But, if be the depth of the centre of gravity of the 
surface, 

- iM*. 

*=S(a) ’ 


whole pressure(a) 

= wzSj if S be the area of the surface, 
and zS is the volume of the column described. 

If p bo the density of the liquid, the expression for the 
whole pressure is gpzS, / 

Ex. 1 . A rectangle is immersed with two sides hori¬ 
zontal, the upper one at a given depth (c), and its plane 
^inclined at a given angle (d) to the vertical. 

I Let a be the horizontal side, h the other side. 


* Bve Goodwin’B Statist or ParkinBon's Meehanicr, Art TL 

*3—2 
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1%6 depth of the centre of graTity — }(2c+h cos and 

the whole pressure (2c+h cos B) ab. 

Ex. 2. A vertical cylinder, radius r and height A, is 
filled with fluid. 

The surface= 27rrA and the whole pressure=«?7rrA^ . 

E^. 3. A hollow cone, vertex downwards, is filled with 
water. 

Let r be the radius, and A the height of the cone. 

By cutting the cone down a generating line and unroll¬ 
ing it into a plane, its surface forms the sector of a circle, 
of which the slant side is the radius and the perimeter of. 
the base is the arc. 

But the area of a sector =s}(arc) (radius); 

.*. the surface= sTn/ r* + A*. 

Again, the surface of a cone is the ultimate form of the 
surface of a pyramid formed by triangles, having the vertex 
of the cone as their common vertex, and having for their 
bases the sides of a polygon inscrited in the circle, and 
since the centre of gravity of each triangle is at a depth 
^A below the surface of the fluid, it follows that |A is tho 
depth of the centre of gravity of the surface. 

I Hence the whole pressure=JioirrA 

Ex. 4. Tlie cylinder in. Ex. 2, closed at both ends, is 



The surface of the fluid is a horizontal plane through 
the highest point of the cylinder, and the d^th of G 

«^co8d+r8ind. 

if 



Centre of Breesme. S7 

Hence the whole pressure on the curved surfisce ig 
VDirrh (A OOB 2r sin 6\ 

and the whole pressure induding the plane ends is 
Sti'I «o (flrr a + irr®) (A cos d + 2r sin d). f 

Ex. 5. A cubical vessel is filled with two liquids of 
given densities, the volume of each being the samtf, it is 
required to find the pressure on the base and on any side 
of the vessel 


Let a be a side of the yessel, p, / the densities of the 
upper and lower liquids, p' 
being taken greater than p. 

The pressure on the base 
=the weight of the whole fluid 
, 0?* 

The pressure on the por¬ 
tion 

a* a 1 - 

—^P2 



To find the pressure on AC, replace the liquid DC by 
an equal weight of the lower liquid. This change will not 
affect the pressure at any point of CA, 

If BJy be its surface, 


a 




and the depth of the centre of gravity of AC below B* 

the pressure on AC=gp^ *i(^ 

=i,pv(l + ^). 


j[ * 1 

U I Centre qf Pressure, ^ 

" Dj^f. Tki^eeri^e <if prhisure qf a phme Oi^eeC^ 

the povrd qf act/Son qf the resultant fimd pressure upon^ 
^ plane area, * 
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CefnJtre of Bremtre, 

As a dmplo case, suppose a rectangle immersed in a 
liquid with one side in the surface. a _ 

Diride the area into a number 
of yery small equal parts by equi¬ 
distant horizontal lines. 

Tin pressure on eadi part will 
act at its middle point and will be 
proportional to the depth below the 
surface, and we bare to find the 
c en^ of a system ofTMirallel forces acting perpe ndic ula rl y 
to tile pl ane a t equidistant po ints oTtEe line Sf a nd 
p ortionai to th e distance from ilT " 

This is eyidently the same as finding the centre of 
grayity of a triangle of which E is the yertex and F the 
middle point of the base. The centre of pressure therefore 
diyidea the r atio g : 

It will be seen that this result is independent of the 
inclination of the plane of the rectangle to the yertical. 

If a triangular area be immersed with its yertex in the^ 
surfkce and its base horizontal, and b e diride d by equidi s-1 
tant horizontal lines , the pressure on ^^’strlp wiir act at! 
its middle point and be proportional to the square of the 
distance of that p oint frnn^ the vertex E . * 

Hence if jPbe the middle point of the base, the centre 
of pressure will be the same as the centre of gravity of a 
solid cone, yertex E and axis EF, and therefore divides 

in the ratio 3 : 1. 


If a triangular area be immersed 
with its base in the surface, the 
pressure ap ^a<*.strip will be» propor¬ 
tional to the product EE'.NFj and 
oonsel|(Bent]y proportional to the 
square of the ordinate iVP of a 
semi-circle describe^ upom EF as 
j}iameter. ^ 



n: 


■p 
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The centre of pressure will therefore be the 
point of EF, 

We may also give the following general method, appli¬ 
cable to the case of a plane area immersed in any position. 

Through the boundary line of the plane area draw ver¬ 
tical lines to the surface and consider the equilibriuuLof the 
liquid so enclosed; the reaction of the plane resolved ver¬ 
tically, is equal to the weight of the liquid, which acts in 
the vertical line through its centre of gravity; and the 
point in which this line meets the plane is the centre of 
pressure. 


60 . The student will now be able to appreciate more 
clearly the nature of fluid pressures, and to see that the 
action of a fluid does not depend upon its quantity, but 
upon the position and arrangement of its continuous por¬ 
tions. It must be carefully borne in mind that the suiface 
of an inelastic fluid or liquid is always the horizontal plane 
drawn through the highest point or points of the fluid, and 
that the pressure depends only on the depth below that 
horizontal plane. ^ 

Thus in the construction of dock-^tes, or canal-locks, 
it is not the expanse of sea outside which will affect the 
pressure, but the height of the surfac e; and, in considering 
the strength required in the construction, the greatest 
height of the surface due to tides must also be taken into 
acoount. Any violent action due to rapid tides or storms 
is of course a subject for separate consideration. 

. The same principle shews that in the construction of 
flikes, or the maintenance of river-banks, the strength 
^must be proportional to the depth below the surface. 



40 


Haximination, Chapter III, 


BXAXkNAnON UPON OHAPTBS m. 

i. To ‘wbat extent is the pressure on the base of a veasd 
affeoted by pouring in more liquid! ^ 

'^2. Find the pressure at a depth of 100 feet in a lake, 1st, 
neglecting, 2nd, tatdng acoouni of the atmospheric pressure. 

•t 8. Explain the statement titiat liquids maintain their level. 

^ 4. A reservoir of water is 200 feet above the level of the 
ground'floor of a house; find the pressure of the water in. a 
pipe at a bright of 30 feet above the ground-fioor. 

5. Three liquids that do not mix are contained in a vessel; 
prove that their common surfaces are horizontal, and find the 
pressure at any depth in the lowest liquid. 

^ 6. An equilateral triangular area is immersed in water with 
a ride 1 ft. in length in the surface; find the pressure upon it 
in lbs. 

' 7* llisting^uish between, whole pressure and resultant pres¬ 
sure. 

8. A hollow cone, vertex upwards, is just filled with liquid; 
find the whole pressure on its curved surface. 

k 9. Prove that the depth of the centre of pressure of a plane 
area is greater than the depth of the centre of gravily of the 
area. 

vlO. Find the centre of pressure of a rectangular area im¬ 
mersed, with plane vertical and two sides horizontaL 
^11. A rectangle has one side in the surface of a liquid; 
divide it by a horizontal line into two parts on which the pres¬ 
sures are equal. 

12. Divide the same rectangle by horizontal lines into n 
parts on which the pressures are equal. 

V *”*^3. » i riW | jj ang^ jhaa homontal and its v«teX|p!^e, 

snrfkce; divide it by a wirizmiua iill^ into paHjj^on whim 

»the|> ri l ^n$ BF ei^ 

i 

examFCIs. 

1. T«ac|ylifi|ets standinif^oii hofeontifi 
taUe art^nnertSd^&geBier by a ppe passing closqjto the 
tables an^d are partially i(led v^th water. ^ la contact wi|b and 
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above tLe water in one oylinder is a doedy-fitting jnston of 
given w^ht; find its position of equilibrium. 

v2. The upper surface of a vessd filled with water is a 
square whose side is 2 feet 6 inches, and a pipe communicating 
with tbe interior is filled with water to a height of 8 feet; find 
the weight (in lbs.) which must be placed on the lid of the 
vessel to prevent the water &om escaping, the weight of a cnluo 
foot of water being 1000 os. 

v'S. A parallelogFam is immersed in a liquid with one side in 
the surface; diew how to draw a line fr^ one extremily of 
this side dividing the parallelogram into two parts on which the 
pressures are equal. 

V4. A fine tube ABO\» bent so that the portions AB, BO 
are straight and perpendicular to each other; the tube is placed 
so that each branch is equally inclined to the vertical, and equal 
quantities of two liquids, the densities of which are in the ratio 
of 2 :1, are poured into the respective branches; find the height 
above B of their common surface. 

A smooth vertical cylinder ona^foot in height and one 
foot in diameter is filled with water, and closed by a heavy 
piston weighing 4lbs; find the whole pressure on its curved 
surface. 

If a ball, weighing 1 lb. in water, be suspended in the 
water by a string fastened to the piston, and U the specific 
gravity of the metal be to that of water as 7 to 2, find the 
pressure at any depth and the whom pressure on the curved 
surface. 

'^7. A cylindrical vessel standing on a table contains water, 
and a piece of lead of given size supported by a string is dipped 
into the water; how will the pressure on the base be affected, 
(1) when the vessel is full, (2) when it is not full! and in the 
second case, what is the amount of the change ? 

8. A hollow cylinder closed at both ends is just filled with 
water.and held vrith its axis horizontal: if the whole pressure 
on its surface, including the plane ends, be three times the 
weight of the fluid, compare the height and diameter of the 
cylinder. 

9. A triangle A BO is immersed vertically in a liquid with 
the angle O in the surface and the sides A Ct BO equally in¬ 
clined to the surface; shew that the Tertioal through 0 divides 
the triangle into two others, the fluid pressures upon which are 
as&^+Sat* : a®+3a*6. 
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^10. A triangle is immened in a fluid 'with one its tides 
in the surface; And the position of a point within the triangle, 
sndi that, if it be joined to the angular points, the triahgle shall 
be divided into three others, the fluid,pressures upon which are 
equal. 

^ 11. The side AB of a triangle ABC is in the surface of a 
fluid, and a point 2> is taken in AC^ such that the pressures 
on the triangles BAD^ BBC, are equal; find the ratio AD : DC, 
12. The lighter of two fluids, whose specific gravities are 
as 2 T 3, rests on the heavier, to a depth of lour inches. A 
square is immersed in a vertical position with one side in the 
upper surface; determine the side of the square in order that the 
pressures on the portions in the two fluids may be equal. 

^13. A vertical (T^linder contains equal portions of three 
inelastic fluids, the densities of which are p, 2p, and 3p, respec¬ 
tively, the lighter fluid being uppermost, and the heavier fluid 
lowest; compare the whole pressures on the portions of the 
curved surface of the cylinder in contact with the several fluids. 

^ 14. A fine tube, which is bent into the form of a circle, 
contains g^ven quantities of two different liquids; if the two 
together occupy half the tube, determine the position of equili¬ 
brium. 

, 15. The inclinations of the axis of a submerged solid cy¬ 
linder to the vertical in two different positions are complemen- 
taiy to each other; P is the difference between the pressures on 
the two ends in the one, and P in the other position: prove 
that the weight of the displaced fluid is equal to 

'V V16. A vertical cylinder contains a quantity of fluid, whose 
depth equals a diameter of the circular base. A sphere of four 
times the specific gravity of the fluid and of the same radius as 
the cylinder is placed upon the fluid and is supported by it: find 
the increase of pressure sustained by the curved surface of the 
cylinder, the sphere fitting it exactly. 

^7. Three fluids whose densities are in arithmetic progres¬ 
sion, fill a semiciroular tube whose bounding diameter is hori¬ 
zontal Prove that the depth of one of the common surfaces 
is double that of the other. 

'^8. A small cylindrical tube is bent into a semicircle, and 
placed with the diameter horizontal; within the tube is placed 
a stop which can fdide fredly up and down: two fluids of 
densities p and />' are poured into the respective ends of the tube; 



ExcanpleB, Chapter IIL 43 

if when the stop is vertical the surface of tiie lower fluid is 
below the horizontal diameter, find the distance of the 
higher. < 

'^19. Prove tha^ as a plane area is lowered vertically in a 
liquid, the centre of pressure approaches to, and ultimately coin* 
oides with, the centre of gravity. 

20. A lamina in the shape of a quadrilaterad ABCD has the 
side CD in the surface, and the sides AD, BO vertical and of 
lengths a, /?, respectively. Prove that the depth of the centre of 
pressure is 

1 /o®+o*j8+aj8®+/3®\ 

2’\ aa+c^9+j8 >~)' 

^ 21. A vessel contains two Uquids whose densities are in the 
ratio of 1 to 14. A triangle is immersed vertically in the liquids 
so that its base is in the surface of the upper liquid. If the 
pressures on the portions in the two liquids be equal, prove that 
the areas of those portions are as 8 to 1. 

b 22. The depth of the water on one side of a rectangular 
vertical floodgate is double that on the other. Supposing the 
gate to be fastened at the angular points, find the pressures at 
these points. 

*^3. A vertical cylinder contains equal quantities of two 
liquids; compare their densities when the whole pressures of 
the two liquids on the curved surface of the cylinder are in the 
ratio 1 : 3. 

'• 24. If one second be the unit of time, what must be the 
unit of length in order that the formula p—ffpz may give the 
pressure in pounds, supposing the unit of volume of the stand¬ 
ard substance to weigh 16 lbs. ? 

25. If the density of distilled water be the unit of density, 
and 1 foot per second the unit of velocity, find the units of 
space and time, in order that the formula, may give the 

pressure in ounces. 

V26. If one yard be the unit of length, what must be the 
unit of time in order that the formula, p=gpz, may give the 
pressure in pounds, the weight of an unit of volume of the 
standard substanoe being 1000 lbs. 1 

^ 27. A sphere of 6 inches radius lies at the bottom of a pail 
of water, whose depth is 2 feet; find the numerical value of^ 
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the preasiiie on iti surface, a foot being the unit of leagtb, the 
denritj of water the unit of deprit 7 , and one quarter of a second 
the unit of time. 

^28. A solid triangular prism, the faces of which include 
angles a, j9, 7 , is completely immersed in water with its edges 
horizontal; if P, Q, be the pressures on the three faces, which 
are respectively opposite to the angles a, pt prove that 
P coseo a+^ coseo P+P coseo 7 
is invariable so long as the depth of the centre of gravity of the 
prism is un<diaaged.j( 

^29. A cubical vessel, standing on a horizontal plane, has 
one of its vertical sides loose, which is capable of revolving 
about a hinge at the bottom. If a portion of fluid equal in 
volume to one-fourth of the cube be poured into the vessel, the 
loose side will rest at an inclination of 45** to the horizon: com¬ 
pare the weight of the side with the weight of the fluid in the 
vesseL 

y 30. A cubical box, filled with water, has a close fitting 
heavy lid fixed by smooth hinges to one edge; compare the 
tangents of the angles through which the box must be tilted about 
the several edges of its base, in order that the water may just 
begin to escape. 

31. A cylindrical tumbler, containing water, is filled up with 
wine; after a time half the wine is floating on the top, hidf the 
water remains pure at the bottom, and the middle of the tumbler 
is occupied by wine and water comidetely mixed, the common 
surfaces being horizontal fdanes; if the weight of the wine'be 
two-thirds of that of the water, and their densities be in the ratio 
of 11 : 12 , prove that in this position the whole pressure of the 
pure water on the curved suxface of the tumbler is equal to the 
whole pressure of the ranaindor of the liquid on the tumbler. 



CHAPTEB IV. 

Emdtani Vertical and Horizontal Pressure on any 
Surface, resultant Pressure on the Surfajce cf an 
immersed Solid, Conditions of Equilibrium of a 
Floating Body, the Camd, Method of removing 
Wooden Piles, Stability of Equilibrium, Metacentre, 
Bodies floating in Air, the Balloon. 

61. Peop. To find the resultant vertical pressure of 
a liquid on any surface. 

Let PQ be a portion of surface in contact Tnth a liquid 



at rest^ and through the boundary line of PQ draw rerti- 
cal lines to the surface AB, thus enclosing a mass of tho 
liquid. 

The pressure of the surrounding liquid on this mass is 
entirely Wizontal, and it is therefore clear that the weight 
of the mass is entirely supported by the reaction of the 
surface PQ. 

Hence the vertical component of this reaction must be 
equal to the weight of the mass ABQP. 
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46 Jtesfdtant Vertical Pressure, 

By tile previous Chapter this is true whetiier the canm 
AB be really in the liquid, or only in the horizontal 
through the highest point of the liquid, as in the figure. 



' Hence it follows that the rendtant vertical pressure is 
; the iceight of the superincumbent liquid, 

52. There are other cases which it is requisite to con¬ 
sider. 

Thus the liquid may press upvoards on the surface. 

In this case, let ABza before be the curve formed by 
Tertical lines round PQ, and 
imagine the liquid within to 
6b removed and the outside 
of PQ to be under the pres¬ 
sure of a fluid of which AB 
is the surface. It will be seen 
that the pressure at any point 
of PQ is the same as before 
in magnitude^ but opposite in direction, and the resultant 
vertical pressure is tiierefore the same, only that it is now 
downwards, and by the previous article it is equal to the 
weight of ABQP, 

Hence the resultant vertical pressure upwards on PQ 
is as before equal to the weight of the liquid above it, that 
is, between PQ and the surface. ^ 

Or the pressure may be partly upwards and partly 
downwards, as on PMQ, 

Draw QQ' vertical, and consider the pressures on QEQ^ 
and Q'P separately. 
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Resultant Hortzontal ^ ^ 

By the same reasoning the vertical pr^'sire 


^irawards and equal to 
reiglit of tho liquid con¬ 
tained between tho surface 
and tho vertical plane QQ', 
and the difference between 
this and tho upward vertical 
pressure on is tho result¬ 
ant vortical pressure on the 
surface JPQ. 



In all cases tho line of action of the resultant vortical / 
pressure is tlio vertical through the centre of gravity of< 
the supenneumbent liquid. 


53. Prop To find the residtant horizontal pressure 
in a given direction qf a liquid on any surface. 

Take a fixed vortical pl.mo perpondicular to the given 
direction, and draw horizon¬ 
tal linos thiough tho boundary 
of the surface PQ, meeting 
the vertical piano m the curve 
AB, Coiisideniig the liquid 
thus enclosed us a solid body, 
its equihbrium is maintained 
by Its onu weight, by tho 
fluid pressures on its curved 
surface which arc all parallel to tho vertical plane, and by 
tho fluid pressures on the surfaces AB and PQ. 

Hence tho honzontal component of tho reaction of PQ 
must be equal to tho pressure on AB, which can be found 
from previous investigations, and tho lino of action will be 
the horizontal hue through the centre ot pressure of AB. 



54. We arc now in a position to determine the result¬ 
ant pressure in direction and magnitude of a liquid on any 
surface; for wo can obtam separately the verticil and hon¬ 
zontal pressures, and hence, b^the pnnmples of Statics,* 
dotermin 9 the magnitude and direction of the resultant. 
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jExampteB. 

SCi 1. A r^BBel in tlbe fonn of an open letni-qylinder 
Hi ends TortiioB], is filled with water; it is required to 
resultant pressure on either of the 

portions into which it is divided by , ^ a*-^ 

a vertaoid plane through the axis of \ |\9 

the cylinder. 

Let h be the length of the cy¬ 
linder an? a its radius, and let the 
figure be a vertical section through 
the middle point 0 of its length. 

Hie resultant vertical pressure on AB 

s^the w^ght of the fluid OA B 

. wa* 

=wA~, 

if w be the weight of an unit of volume. 

The resultant horizontal pressure on ^^s=the pressure on 
the vertical section peq>endicular to the plane of the paper, that 
is, on a rectangle ofi which the sides are a and A, 


=fraA -- =s- tMs^A. 

Jt M 

Hence the angle d, at which the direction of the resultant 
pressure is inclined to the horizon, is given by the equation 


tan d: 


wira*A 


■wa^A 


T 

2 * 


Moreover, since the pressure at any point acts in a direction 
passing through tixe axis of the <^linder, the resultant pressure 

acts in a line through (7, and, if P(7^=tan~^ point P 

is the centre of pressure of the curvilinear surface. 


Ez. 2. A hollow cone filled with water is hdd with its 
vertex downwaids; it is required to determine the resultant 
pressure on eithw of the pUrtions into which it is (fivided by a 
vortioal plane througb its aads. 
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Let a be the radius of the base and 2a the Tertteal angle. 
The Tolume =» ? ira* oot a. 


Hie resultant vertical pressure on 
the portion AEYB 

^ ^ the weight of the fluid 
s= g wra* cot o, 

if w be the weight of an unit of 
volume. 

The resultant horizontal pressure 



—the pressure on the triangle A YD 
= w. o* cot a, j a cota 

a 


= wa®cot*a; 

U 

therefore the resultant pressure 

w 3 *9 * 

= gcot ^ +cot*a, 

and if ^ be the angle at which its direction is inclined to the 
horizon, 

tand--^— 

- cot a 
3 

In gen^l the determination of the line of action can only be 
effected by means of the Integral Calculus, but in the first ex¬ 
ample we were able to infer at once the position of the line of 
action, and in some cases it may be determined by special geo- 
metiical contrivances. 

As an example, the position of the line of action in this last 
case will be obtained in the appeSUx by the hdp of such a 
contrivance. ^ 



B. K U, 
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jUi r 

To find the reeidtant preeture ef a liquid on the 

turf ace qf a solid either wholly or partially immersed. 

Imagine the solid removed, and the space it occupied 
in the liquid to be filled with the liquid, and suppose this 
liquid to bo solidified. It is clear that the resultant pres¬ 
sure on this solidified liquid is the same as on the original 
solid. The weight of the liquid is entirely supported by the 
pressure of the surrounding liquid, and therefore the result^ 
ant pressure is equal to the weight of the displaced liquid, 
and acts vertically upwards in a line passing through its 
centre of gravity. 

^his is sometimes expressed by saying that a solid 
immersed in fiuid loses as much of its weight as is equal 
to the weight of the fiuid it displaces^ observing that the 
above reasoning is equally apfdicable to the case of a body 
immersed in elastic fluid. 

56. To find the oxmditims of equilibrium of a floating 
body, ^ ^ ^ I 

li By the previous article the resultant p ressu re is equal 
t o the weight of the displaced liquid . It f^lowiTEEerefore 
‘ that, ihe body being supported en^rely by the liquid, theTJ 
w e^t of the diyl^ed liquid must be e giml tha wejgt^t 
" py fee body^ and the centres o r 4 pajity of both, must-bej 
in the ^t ame vertical ^n e. 

These conditions also hold good when the body floats 
partly immersed in two or more liquids, and are, for such 
cases, established by precisely the same reasoning. 

67. If a homogeneotis body float in a liquid^ its 
volume will bear to the volume immersed the inverse 
ratio of the specific gravities qf the solid and liquid. 

For if Vf P bo the volumes, and s, d the specific gra¬ 
vities, 

Vs=the weight of the body 

=the weight of the displaced fluid 

.\V;r=d:s, 

^ 68, To find the oiomd^ioms of equilibrium of a solid 
floating in liquid and partly supported by a siring. 



Floating Bod^sif^ 5X 

th^Aolid be homogeneous and wholly im¬ 
mersed ; then the centres of gravity of the solid and of 
the liquid displaced will be the same, and the direction of 
the string must be the vertical through the centre of gra¬ 
vity. Al^ 

the tension a the weight of the body—the weight lost 

= K(»-o} 

if a, / be the specific gravities of the solid and fluid. 

Secondly, let ihe solid be homogeneous and partly 
immersed. 

Let V' be the part immersed, H its centre of gravity, 
and G the centre of gravity of the body. 



Draw vertical lines through H and G meeting the 8ur> 
face in C and yt, and let the direction of the string meet 
the surface in B. 

Then, if bo the tension, the three forces, 71 Fir, and 
V / acting at A, and C will balance each other; 

Fir=r+rv, 

and V«.AB=V'8'.CB. 

The second equation is the condition of equilibrium, 
and the first gives tlie requisite tension. 

The case in which a heterogeneous body is partly sup¬ 
ported by a string may be left fc#the consideration of the 
student. 


4—2 
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FracUctd AjppUcations, 

69. 7%6 Camd, T his ib an apparatiiB fo r carr^l^ a 
over the bar of a riyer V it consists of fotir. or a 
grater number pf, watertight chests, which are filled with 
water, placed in pairs on opposite sides of the ship, and 
attach^ to the ship, or attached to each other by chains 
passing under the keel. If the water be then pumped 
out, the vessel will be lifted, and may be towed over the 
bar into deep water. The lifting power of the camel is 
the weight of water displaced by the chests, diminished 
by the weight of the whole apparatus. 

60. Removing wooden Pilet, It is sometimes neces- 
8017 to remove entirely piles which have been driven down 
in deep water; for instance, the piles employed to keep out 
water during the construction of a dock. After the water 
has been allowed to flow within the piles, they are sawn 
off to a convenient depth, and a barge is floated over them 
and filled with water. The barge is then attached by 
chains to a pile, and the water pumped out; as the pump¬ 
ing proceeds the barge is lifted, and the pile is forcibly 
drawn out. If the operation take place in the sea, a great 
advantage is gained by fastening the baige to the pfle at 
low tide. The rise of the tide will sometimes draw out 
the pile, but, if necessary, additionid force must be gained 
by pumping water out of the barge. 

61. We now proceed to exemplify the preceding pro¬ 
positions by their application to some particular cases. 

^Ex. 1. A man, whose weight is 150 lbs., and specific gra¬ 
vity l.l, just floats in water, the specific gravity of which is 1, 
by the help of a quantity of cork. The specific gravity of cork 
bting .24, find its volume in cubic feet. 

Let V be the volume of the cork, and V* of the man, in cubic 
feet. 

lliaa Y (.24)+F' (l.l)=the weight of the water displaced 

= F+F; 
or F(.76}=r(.l). 

Bat F (1.1) lbs.|pth6 weight of the man 

»15011)s.; 


i 
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and F 


.1 

.76 



60 

209 


tha of a cubic foot. 


4 £z. 2 . A cylindrical piece of wood floats in water with its 
axis vertical; find how much it will be depressed by placing a 
given weight on the top of it. 

If w be the weight placed on the top, it will be depressed 
through such a space that the additional amount of displaced 
fluid has its weight equal to w. 


Now, if W be the weight of the cylinder, it is also the 
weight of the fluid displaced by the cylinder, and therefore, if 
h be the depth of the base of the cylinder originally, and x the 


to : IT :: X : A; 



u ; -V ***1 


If this value of x exceed the height of the cylinder originally 
above the surface, it will be entirely immersed, and the possi¬ 
bility of equilibrium will then depend on the density of to., 

i 

s Ex. 8 . An isosceles triangular lamina floats in water with 
its base horizontal: it is required to find the position of equi¬ 
librium when the base is above the surface. 

Take p' and p as the densities of the lamina and of water, 
4 as the height of the triangle, and x the depth to which it is 
immersed. 

Then p' (volume of lamina) =p (volume of fluid displaced); 
and therefore, similar triangles being proportional to the squares 
of homologous sides, we have 

p'A*=/>x*, andx=A 

The second condition is obviously satisfied in this and the 
preceding example. 

'llSx. 4. Gan an isosceles triangular lamina float ,with its 
base vertical in a liquid of twice its density { 
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Mxamj^le8» 

The first condition requires that half the triangle should bo 
immersed, and therefore its vertex ii is in the surface. 


B 



Also, if ^ be the centres of gravity, 

AO =i^AEt and AH— | AF, P being the middle point of EC ; 

V t> 

AG : A3 AE : AF. 

Hence GH is parallel to EP^ is therefore vertical, and both 
conditions are satisfied. 


Ex. 5. A cylinder floats with its axis vertical, partly iin- 
mersed in two liquids, the densities of the upper and lower 
liquids being respectively p and and the density of the cy¬ 
linder ^; find the position of equilibrium of the cylinder, its 
length being twice the depth of the upper fluid. 

Let X be the length immersed in the lower fluid, i the area of 
either end, and 2k the whole length. 


Then 


•~k.2h=pkh+2/Aat ; 


S?2* - A. 
4 


If the cylinder were just^ immersed, its density would be 
such that 


2p'h=sph + 2pk; 


or p's: 


3p 

2 


» 


and X would then be equal to A. .. 

j • 

^ Ex. 6. A cubical box, the volume of which is one cubic 
foot, is three fourths filled with water, and a leaden ball, the, 
volume of which is 32 cubic inches, is lowered into the water 
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a string; it is required to find the increase of pressure on the base 
and on a side of the box. 

^Hie complete immersion of the lead will rause the surface 
^ an inch, since 144 square inches is the area of the surface. 

■The pressure on the base is therefore increased by the weight 


of 72 cubic inches of water, L e. by 


n 

1728 


1000 oz., or 41| oz. 


The area of a side originally in contact with the fluid was 
^ of a square foot, ’ 

3 3 

and the pressure was 1000 ^ j ^ g 

3 

Q tlis of a foot bring the depth of the centre of gravity. 


The new area J 24 » 

.*. the new pressure =1000 jji ^ 43 

ss313iYt®** 

The increase is therefore a little more than 32 oz. 


Ex. 7. A solid hemisphere is moveah!^ about the centre of its 
plane hate which, is fixed in the surface of a liquid ; if the denmty 
of the liquid he twice that of the solid, any position of the solid 
will be one of rest. 

Hold the solid in the position ADB, DE being the surface 
of the liquid; continue the sphere 
to the surface E of the liquid, 
and imagine the portion of li¬ 
quid within OBE to become solid 
and to bp attached to the henii- 
sphere. Make the angle DOF 
equal to ECB, the figure being 
a vertical section through the 
centre G of the hemisphere per¬ 
pendicular to its plane base. 

The wedge or Itme FOB would be of itself in equilibrium; 
and, without knowing the position of the centre of gravity of a 
wedge, it is easily seen that the horizontal distance from C of 
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the centre of gravity of WB ie «<{nal to that of the oenife^ 
gravi^ of ACF\ hence the moment about O of the weight of' 
ECB is equal to the moment about O o£ the weight of AGF. 
Moreover ^e fluid pressures on the surface JOBS all act in lines 
through C, and therefore, rdeasing the hemisphere, and restoring 
OBB to its liquid ccmdition, the solid remains at rest 

Hie result of this problem has been practically employed in 
the construction of an oil-lamp, called Oedl’s Lamp, such that 
the surface of the <nl supplying the wick is always the same. 
BBB is a hemispherical vessel containing oil, and ABB a 
hemisphere, the specific gravity of whidi is half that of the oil; 
as the oil is consumed, ABB turns round (7, and CJS is adways 
theaurface of the oil. 

fjL 

8 . A solid hemisphere, completely immersed in liquid, 
of density p, is held so that the centre of its base is at a depth 
c below the surface, and t^ plane of its base inclined at an 
angle d to tlie vertical; it is Inquired to determine the resultant 
horizontal anC vertical pressures on its curved surface. 

Taking a for the radius, the resultant vertical pressure on its 
vhoU surface—the weight of the fluid displaced, 

2 8 

This resultant is the difference between the resultant vertical 
pressures on the curved surface and the plane base; but the 
pressure on the base=syps’a% in a direction inclined to an angle 
0 to the horizontal; and therefore the resultant vertical pressure 
on the basesypa'a^ sin d. 

Hence, if the base be turned upwards, the resultant vertical 
pressure on the carved surface 

2 

=s gpva? + gpxa^c sin $. 

O 

If the base be turned downwards, the vertical pressure on the 
curved surface 

2 

^gpira?e sin d - ^ gpva\ 

Also the horizontal pressure on the curved surface 
aathe horiz ontal preeaur e^on &e j^e 
Rypra^c cos d. 
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Hence the actual recnltant pressuze on the curved anifaoe 

^gpva* c*±| oc sin ^ g o*. 

It will be seen that the method of this example be ap> 
plied to find the resultant pressnre on the surface of any solid 
bounded by a plane of known area, if the volume of the solid 
be known. 


Stability cf EquiUbrium. 

62. Imagine a floating body to be slightly displaced 
from its position of equilibrium by turning it round so 
that the line joining its centre of gravity with that of tiie 
fluid displaced shall be inclined to the verticaL If the 
body on being released return to its original position its 
equilibrium is stable; if, on other hand, it fall away 
from that position its original ^sition is sai^to be one of 
unstable equilibrium. 

Metacmtre. In the figure let G, H he the centres 



of gravity of the body and of the fluid originally dis- 
pla^d, ^ the centre of gravity of the fluid iSsplaced in 
the new position, and M the point where a vertical through 
H' meets HQ, 

The resistance of the fluid acts vertically upwards in 
the line H'Mj and it is therefore evident that, if be 
above the action of the fluid will tend to restore the 
body to its original position; but, if M be below G, to turn 
the body farther from its original position. 

The position of the point M will in general depend on 
t he*extent^of displacemen t. If the displacement be very 
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small, that is, if the angle between GH and the Tertical 
be yei 7 small, t he point M is called the metacmtre, and 
the question of siauuity is ndwl-eciiiced tcTihe detoimina- 
tion of this point. 

One of the most important problems in naval archi* 
tecture is to secure the ascendancy under all circomstanoes 
of the metacentre over the centre of gravity. 

This is effected by a proper form of the midship seo- 
tions, BO as to raise met^ceutre as much as possible, 
and by ballastiug so as to lower the centre of gravity, and 
the greater the Stance between the points G and Jf, the 
greater is the steadiness of the vessel 

Moreover, the naval architect must have in view the 
probability of large displacements, due to the rolling' of 
the vessel, and not mere^ the small movement which is 
considered ^ the determi&tion of the metacentra 

63. In particular cases the metacentre can .be some¬ 
times found by elementary methods, but its general deter¬ 
mination involves the application of the Integral Cal¬ 
culus. 

In one case however its position is obvious. Let the 
lower portion of the solid be spherical in form; then as 
long as the portion immersed is spherical, the pressure of 
the water at every point acts in the direction of the centre 
of the sphere, and therefore the resultant pressure must 
act in the vertical line through the centre {E) of the 
sphere. 





Now in the original position the centre of gravity of 
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tli« fluid displaced is evidently in the vertical through 
and therefore the centre of gravity of the body is in the 
vertical through E. 

Hence the point E is the metacantre. 

Thus if any portion Whatever be cut from a solid sphere 
it vrill float in s table ecuuilibrium with its curved surface 
partly immersed. 

64. Bodie» JloaHng in air. 

The fact that air is heavy enables us to extend to 
bodies, floating either wholly or partly in air, the laws of 
equilibrium which have been establish^ for bodies floating 
in liquids. 

Taking one case, if a body, lighter than water, float on 
its siuface, it displaces n cer^in quantity of water and 
also a certain quantity of air; if we remove ^e body and 
8 Ux>pose its place fill^ by air and water, it Is clear that 
the weight of the displaced air and water is supported 
by the resultant vertical pressures of the air and water 
around it. 

Hence the weight of the body must be equal to the 
weight of the air and water it displaces, and the centre 
of gravity of the air and water displaced must be in the 
same vertical line with the centre of gravity of the body. 

In a similar manner, if a body float in air alone, itsl 
weight must be equal to the weight of the air it displacea i 

65. 27ie Balloon. The ascent of a balloon depends 
on the principle of the previous article. A balloon is a 
very large envelope, made of silk, or some strong and light 
substance, and filled with a gas of less density than the air, 
usually coal gas. A car is attached in which the aeronauts 
are seated, and the weight of air displaced being greater 
than the whole weight of the balloon and car, the balloon 
fiends, and will continue ascending until the air around 
is not of sufficient density to support its weight. In order 

is opened and a portion of the gas 


The ascensional force on a balloon is the weight of the 


to descend , a val' 
a llow^ to escapa 
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air it dii^laces diminished by the weight of the baJloon 
itself. 


the cen^ of gravitT of 


y»txjdyflwtin » liquid 
t he liquid ^placed ia 



m 


If the body be moved abou^ so that the volnme nf 
liquid dismal remaina the locus of tha flawtre 

of the displa« sed Hgnid iff the 



Taking a simple case, suppose a triangular lamina 
immersed with its plane Tertical, and vertex beneath 
the surface, and let the area APQ be constant Through 
H the centre of gravity of the area APQ^ draw pHq 
parallel to PQ\ then the area Apq is constant, and there¬ 
fore pq always touches, at its middle point H. an hype rbola 
of which A B and arfi This hy^rbo la 

is the curve of bnovanc v. Now in the position of equi- 
hbrium, btli is vertical, and ia consequentiy perpendicular 
to pq. 

The position of equilibrium is therefore determined by 
drawing normals firom G to tlie curve of buoyancy. 

67. It is a general theorem that tAe positions qf equi» 
Itbrium qf a jloaiinq body are determined hy drawing 
normals from the centre qf gravity of the body to the 
surface qf buoyancy. 

We give a proof for the case of a lamina with its plane 
vertical, or, whidi is the same thing, of a prismatic or 
cylindrical body with its flat ends vertical 







Curve of Buoyancy. 61 

Let PQt pq cut off equal areas, so that the triauffies 
■POjp, QCq are equal. 



Then, if H be the centre of gravity of PAQ^ E and F 
of PCp and QCq, take the point K in FH produced 

such that KH : KF :: QCq : QAPi 

and in KE the point such that 

KH' : KE :: PCp : pAq) 

then H* is the centre of gravity ofpAq. 

Hence, since KH : KE :: KH : KF^ 

it follows that HH is parallel to EF^ and therefore, ulti¬ 
mately, when the displacement is very small, HH is 
parallel to PQ^ or, in other words, the tangent to the 
curve of buoyancy at H is parallel to PQ, 

Now, in the position of equilibrium, GH is vertical, and 
is therefore normal, at the point H, to the curve of 
buoyancy. 

Tlie metacmtre having been defined as the point of 
intersection of the vertical through H with the line HG, 
it follows that the metacmtre is the cmtre qf curvature^ at 
the point H^ of the curve qf buoyancy. 
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Examination* 


EZAIONAIIOK UPON OHAPTEB IP. 

1. Shew how to find the resultaBt vertical pressure of a 
liquid on a surface; Ist, when it acts upwards, 2nd, when it 
acts downwards. 

2. Apply the pieoeding to find the resultant pressure on 
h solid completely immersed. 

8 . A solid oone of metal, completely immersed in liquid, 
is supported by a string; find the tension of the string. 

4. State the conditions of equilibrium of a floating body. 

5. A wooden plank floats in water, and a weight is placed 
at one end of the plank; find the weight which, placed at a 
given distance from the other end, will keep the plank in a 
horizontal position. 

6 . Describe a method of removing piles in deep water. 

■*7* A cylinder floats vertically in a fluid with 8 feet of its 
length above the fluid; find the whole length of the cylinder, 
the specific gravity of the fluid being three times that of the 
cylinder. * 

<^8. A body floats in one fluid with fths of its volume 
immersed, and in another with ^ths immersed; compare the 
specific gravities of the two fluids. 

4 9. A. cylinder of wood 3 feet in length floats with its 
axis vertical in a fluid of twice its specific gravity; compare 
the forces required to raise it 6 inches and to depress it 6 
inches, ^ 

10. Three equal rods are jointed tdgether so as to form 
an equilateral triangle, and the system floats in a liquid of 
twice the denrity of the rods, with one rod horizontal and 
above the surface; find the position of equilibrium. 

1 1. Explain what is meant by stability of equilibrium, and 
define the metacentre. 

12. A small iron nail is driven into a wooden sphere, and 
the weight of the sphere is then half that of an equal volume 
of water; find its positions of equilibrium in water, and examine 
the stability of the equiUbiium. 
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Note m Choj^ IV. 

>/13. A blodc of wood> jflie Tolimw of wMoh is 4 oabio feofc, 
floatB half izmnevsed in water; find the volume of a piece of 
metali the epecifio gravity ol which ie 7 times that of the 
wood, wldch, when attach^ to the lower portion of the wood, 
will just cause it to mnk. 

w 

14. A (^lindrioal block of wood is placed with its axis 
vertical in a cylindrical vessel whose base is plane, and water 
is then poured in to twice the height of the cylinder; dnd the 
pressure of the wood on the base of the vessel. 

15. Two cylindrical vessels, containing different fluids, and 
standing near each other bn a horuontal plane, are connected 
by a fine tube, which is close to the horizontal plane; when 
the communication is opened between them, determine which 
of the fluids will flow from its own vessel into the other, and 
find the condition that the equilibrium may not be disturbed. 

^16.' Two bodies of given size and given specific gravities 
are connected by a string passing over a pulley, and rest 
completely immersed in water; find the condition of equili* 
biium. 


NOTE ON CHAPTER IT. 

Tha Principle of Archimeder. The Enunciation and proof of 
the proposition of Article (56) are due to Archimedes, and 
0 is a remarkable fact in the history of science, that no farther 
progress was made in Hydrostatics for 1800 years, and until 
the times of Stevinus, Galileo, and Torricelli, the clear idea 
of fluid action thus expounded by Archimedes remained barren 
of results. 

An anecdote is told of Archimedes, which practically iUus* 
trates the accuracy of hja conceptiona. Hiero, king of Syracuse, 

, had a certain quantity of gold made into a crown, and sus¬ 
pecting that the workman had abstracted some of the gold 
and used a portion of alloy of the same weight in its place, 
applied to Archimedes to solve the difficulty. Archimedes, while 
reflecting over this problem in bis bath, observed the vfater 
running over the sides of the bath, and it occurred to him 
that he was displacing a quantity of water equal to his own 
. bulk, and therefore that a quantity of pure gold equal in weight 
to the crown, would displace less water than the crown, the 
volume of any weight of alloy being greater than that an 
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equal weight of gold. It is z^ted that he immediately mo ont 
into the streetSi ciying out ei;/^jcal 

The two books of Arohimedes whidi have oome down to 
us, iia gwB in humido vehuntur” were first found in an 
old Latin MS. by Nicholas Tartaglia, and edited by him in 
1537. In the first of these books it is shewn that the surface 
of water at rest must be a sphere of which the centre is at 
the eartVs centre, and various problems are then solved relating 
to the equilibrium of poitions of spherical bodies. The second 
book contains the proposition of Art. (56), and the soluldonB 
of a number of problems on the equilibrium of paraboloids, some 
of which involve complicated geometrical constructions. 

The authenticity of these books is confirmed by the fact 
that they are referred to by Strabo, who not only mentions 
their title) but also quotes the second proposition of the first 
book. 

Stevinua and Galileo. The Treatise of Stevinus on Statics 
and Hydrostatics, about 1585, follows that of Archimedes in the 
order of thought. In this he shewed how to determine the 
pressure of a liquid on the base and sides of a vessel con¬ 
taining it. 

Galileo, in his Treatise on Floating Bodies, published in 
1612, states the Hydrostatic paradox, and explains why the 
floating of botfies does not depend on their form. 

EXAMPLES. 

1. A uniform solid floats freely in a fluid of specific gravity 
twice as great as its own; prove that it will also float in equi¬ 
librium, if its position be inverted. 

^2. A block of ice, the volume of which is a cubic yard) 
is observed to float with ths of its volume above the surfaced 
and a small piece of granite is seen embedded in the ice; find 
the size of the stone, the specific gravities of ice and granite 
being respectively .918 and 2.65. 

/ 8. An isosceles triangular lamina floats with its base hori¬ 
zontal and beneatii the surface of a liquid of twice its density; 
find the position of equilibrium, i ■ 

, ^ 4. A solid cone floats with its axis vertical in a liquid the 
density of which is twice that of the cone; compare the portions 
of the axis immersed, let, when the vertex is upwards* 2nd, 
when it is downwards. 
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V 5. If tfj, bd the apparent weight of a hodj in three 

liqiiidsi the epedl^o gtavitiee of which are 9 ^ prove 

that 

Wi («* - aa) +«»» (»a «i)+Ws (*i - 

^^6. An equilateral triangular lamina auapended freely from 
At rests with the side AB vertical, and the side J <7 bisected 
by the surface of a heavy fluid; prove that the density of the 
lamina is to that of the fluid :: 16 :16. 


7fl 

^7. A vertical cylinder of densityfloats in two liquids, 

the density of the upper hquid bemg p, and of the lower 2p; 
if the length of the cylinder be twice the depth of the upper 
liquid, find its position of rest. 

V8. A wooden rod is tipped with lead at one end; find tiie 
density of a liquid in which it will float at any incllnatibn to 
the vertical; the weight of the lead being half that of th<} rod, 
and its size being neglected. 


9. The weiglit of the unimmersed portion of a body floating 
in water being given, find the specific gravity of the body, in 
order that its volume may be the least posrible. 


^ 10. A cylindrical glass cup weighs S .oz., its external radius*' 
is inches, and its height 4A inches; if it be allowed to floa^ 
in water with its axis vertical, find what additional weight 
must be placed in it, in order that it may^sink. 


Vll. A vessel in the forln of half the above cylinder with^ 
both its ends closed, floats in water, with its ends vertical; 
find the additional weight which being placed in the oentire 
of the vessel will cause it to be totally immersed, x z, k) 

/12. A uniform rod, whose weight is PF, floats in water in 
a ))OBiticu inclined to the vertical with a particle, of weight W, 
attached to its lower end; shew that, if the density of the 
water be four times that of the rod, half length of the rod 
will be immersed. 


113. A uniform rod floats partly immersed in water, and 
^supported at one end by a string; prove that, if the length 
immersed remain unaltered, the tension of the string is inde-. 
pendent of the inclination of the rod to the vertical. 

^4. A spherical shell, the internal and external radii of 
which are given, floats half inimersed in water; find its density 
compared with the density of^wirter. 

B. B. BL 


5 



66 EgbampteB, Chapter IV,^ 

A heavy hoUotw light oone» dosed by a base wHbotit 
e^s^t, is completely immersed in » flmd, find the force that 
wlU justain it with its axis horizontal. 

^ 16. iEind the pontion of equilibrium of a solid cone, floating 
with its axis vertical and vertex upwards, in a fluid of which 
the density bears to ^e density of the cone the ratio 27 :19. 

*'*17. A reotangular lamina ABOD has a weight- attached to 
the point JB^ soiid floats in water with its plane vertical and the 
diagonsd il(7 in tibo surface; prove that the spedfio gravity of 
the fluid is three times that of the lamina. 

V16. A solid paraboloid floats in a liquid with its axis ver- 
iical and vmtex downwards; having given the densities of the 
paraboloid and the liquid, find the depth to which the vertex is 
submerged. 

f 

«^19. A ship sailing from the sea Into a river sinks two inches, 
but after dischaiging 40 tons of her cargo, rises an inch and a 
hall; determine the weight of the ship and cargo together, the, 
specific gravity of sea-water being 1.025, and the horizontal 
secUtm of the ship for two inches above the sea being invari¬ 
able. * 

^^0. A cylindrical vessel of radius r and height h is three- 
%urths filled with water; find the l argest cylinder of radius r' 
l^d specific gravi^ .5 which can be placed iu the water without 
Causing it to run over, the axes of the cylinders being vertical 
and r' less than r. 

1^ 21. A hollow cylinder is just filled with water, and closed, 

is then held with its axis horizontal; find the direction and 
magnitude of the resultant pressure on the lower half of the 
curved surface. Also, if the cylinder be held with its axis ver- 
' tical, find the direction and magnitude of the resultant pressure 
on the same surface. 

"'22. A solid cylinder, one end of which is rounded off in 
the form of a hemisphere, floats with the spherical surfaoe partly 
immersed: find the greatest height of the cylinder which is con> 
sistent with stability of equilibrium. 

23. A body floating on an inelastic fluid is observed to 
have volumes P,, Pg, Pa respectively above the surfaoe at times 
when the density of the surrounding air is pj, p*, psi shew 
that 
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V24. a frustum of a rlg^t circular cone, cut off by a plane 
bisecting the axis perpendiottlarly, floats with its smaller end 
in a fluid and its axis just half immersed; compare the densitiles 
of the cone and fluid. 

^25. A solid cone and a solid hemisphere, which have their 
bases equal, are united together, base to base, and the solid thus 
formed floats in water with its spherical surface partly immersed; 
find the height of the cone in o:i^er that the equilibrium may be 
neutral. 

• 

*^6. Three uniform rods, joined so as to form three sides of 
a square, have one of their free extremities attached to a hinge 
in the surface of a fluid, and rest in a vertical plane with h^ 
the opposite side out of the fluid; shew that the specific gravity 
of the rods is to that of the fluid as 81 : 40. 

V 27. A triangle AJJO floats in a fluid with its plane vertical, 
the angle B being in the surface of the fluid and the angle A 
not imiuersed. Shew that the density of fluid : density of the 
triangle :: sin il : sin .d cos C. 

^28. A solid cone floats with its axis vertical and vortex 
downwards in an inelastic fluid; prove that, whatever bo the' 
density of the fluid, supposing it greater than mat of the solid, 
the whole pressure on its curved surface is the same. 

29. Two fluids are in equilibrium, qpe upon the other, thC 
lower fluid having the greater specific gravity, and a solid 
cylinder, the height of which is equal to the depth of the upper 
fluid, is immersed with its axis vertical; the specific gravity of 
the cylinder being greater than that of the upper fluid, find the 
position of equilibrium. 

What would be the effect of an increase in the density of 
the upper fluid? Will the equilibrium be stable or unstable for 
a vertical displacement ? 

80. Two equal uniform rods AB, BO are freely jointed at 
Bt and are capable of motion about Af which is fixed at a given 
depth below the surface of a uniform heavy fluid. Find the 
position in which both rods will rest partly immersed, and shew 
that, in order that such a position may be possible, the ratio of 
the density of the rods to the density of the fluid must be less 

than —• 

31. An equilateral triangle, ABOt of weight W and specific 

6—2 
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graylty r, 1 r moreable about a binge at and is in equibbrium 
when the angle O is inunened in water and the side AB is 
horizontal. It is then turned about ^ in its own plane until 
the whole of the side BO is in the water and horizontal; prove 
that the pressure on the hinge in this position 

32. A solid hemisphere is completely immersed with the 
centre of its base at a ^ven depth; if 7F be the* weight of fluid 
it displaces, P the resultant verdoal pressure, and Q the result¬ 
ant horizontal pressure, on its curved surface, prove that for all 
positions of the solid (fr-P)^+ is constant. 

88. A hollow cone, filled with water and dloiied, is held with 
its aids horizontal; find the resultant vertical pressure on the 
upper half of its curved surface. 

84. A solid cylinder which is completely immersed in water 
has its'centre of gravity at a given depth below the surface, and 
its axis indined at a given angle to the vertical; determine the 
resultant horizontal and resultant vertical pressures upon its 
curved surface, %nd the direction and magnitude of the resultant 
pressure on the carved surface. 

85. The vertical angle of a solid cone is 60*’; prove that it 
f»n ,Ti float in a liquid with its vertex above the surface and its 
base touching the surface, if the densities of the cone and the 

Illiquid ore in the ratio of 2>/2 — 1 : 2\/2. 

36. A thin hollow cone closed by an equally thin base will 
remain wherever it is placed entirely within a liquid; prove that 
its vertical angle is 2 sin~^ 

37. The base of a vessel containing water is a horizontal 
plane, and a sphere of less density than water is kept totally 
immersed by a string fastened to the centre of a circular disc, 
which lies in contact with the base. Find the greatest sphere 
of given density, and also the sphere of given size and 
least density, whi^ will not raise the disc. 



CHAPTER V. 


ON AIR AND GASES. 

Elasticily of Air, Effect of Heat, Thermometers, Torri- 
celWs Experiment, Weight <f Air, the Barometer 
and its Graduation, the Belations between Pres¬ 
sure, Density, and Temperature, Determination of 
Heights by the Barometer, the Siphon, Graduation 
qf a Thermometer, the Differential Thermometer, 

4 

68. niHE pressure of an elastic fluid is measured cs- 
X actly in the same way as the pressure of a liquid, 
and it has been mentioned before tnat the properties of 
equality of pressure in all directions and of transmission of 
pressure are equally true of liquids and gases. 

There is however this difierence between a gas and a 
liquid, that the pressure of the latter is entirely due to its 
weight, or to the application of some external pressure, 
^'while the pressure of a gas, although modified by the ac¬ 
tion of gravity, d epen(^ in chief upon its volume and 
. temperature . 

Tho action of a common syringe will serve to illustrate 
the elasticity of atmospheric air. If the syringe be drawn 
out and its open end then closed, a considerable effort 
will be required to force in the piston to more than a 
small fraction of the length of its range, and if the syringe 
be air-tight, and strong enough, it will require the appli¬ 
cation of very great power to force down the piston through 
nearly the whole of its range. Moreover, this experiment 
with a syringe shews that the pressure increases with tho 



70 ' Effect of Seat 

compressioii, the air within ihe sjringe acting as an elastic 
cushion. If the piston after being forced in be let go, it 
will be driven back, the air within expanding to its original 
volume. 

Another simple illustration may be obtained by im¬ 
mersing carefully in water an inverted glass cylinder. 
Holding the cylinder vertical, fig. Art. 94, Ex. (2), it may 
be pressed down in the w'ater without much loss of air, 
and it will be seen that the surface of the water within 
the vessel is below the surface of tlie water outside. It 
is evident that the pressure of the air within is equal to 
the pressure of the water at its surface within the cylinder, 
which, as we have shewn before, is equal to the pressure at 
the outside surfiuse, increased by the pressure due to the 
depth of the inner surface; hence the air within, which 
has a diminished volume, has an increased pressure. 

G9. Effect qf heat. It is found that if the tempera-, 
ture be increased, the elastic force of a quantity of air or 
gas w hich cannot change its volum e is increased, but that 
if the air can expand, while its pressure remains the same, 
its volume will be increased. 

To illustrate this, imagine an air-tight piston in a ver¬ 
tical cylinder containing air, and let it be in equilibrium, 
the weight of the piston being supported by the cushion of 
air beneath. 

Raise the temperature of tlie air in the cylinder; the 
piston will then rise, or, if it be not allowed to rise, the force 
required to keep it down will increase with the increase of 
temperature. 

70. Thermcmeter. As a general rule bodies expand 
under the action of heat, and contract under that of cold, 
and the only method of measuring temperatures is by ob¬ 
serving the extent of the expansion or contraction of some 
known substance. 

For all ordinaiy temperatures mercury is employed, 
but for very high temperatures a metal of some sort is the 
most usefid, and for very low temperatures, at which mer¬ 
cury freezes, alcohol must be employed. 
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71. The Mm'curud Thermometer is formed of a thin 
glass tube torminating in a bulb, and having its 
upper end hermetically sealed. The bulb contains 
mercury which also extends partly up the tnbe, 
and the space between the mercury and the top of 
the tube is a vacuum. 

It must be observed that, as the glass expands 
with an increase of temperature, as well as the 
mercury, the apparent expansion is the difference 
between the actual expansion and the expansion 
of the glass. 

In the Centigrade Thermometer the freezing 
point is marked 0*^, and the boiling point 100^, the 
space between being divided into 100 equal parts, 
called degrees. 

In Fahrenheit’s Thermometer the freezing point is 
marked 32*, and the boiling point 212*; and in Reaumur’s 
the freezing point is 0*, and the boiling point 80*. 

72. To Gompare the scales of these Thermometers, 

Lot (7, F and R bo the numbers of degrees marking 
the same temperature on the resp^tive thermometers; 
then, since the space between the boiling and freezing 
points must in each case bo divided in the same proportion 
by the mark of any given temperature, we must have 

C : ^-32 : R 100 : 180 : 80 

• ■ /v • Q • ^ 

• • t/ • 27 • 

G F-Z2 R I 
6 9 4 ’ 1 

it being taken for granted that the temperature indicated 
by the boiling point is the same in all. 

The method of filling the thermometer, and the defi¬ 
nitions of the freezing and boiling points, will bo given at 
the end of the chapter. 

73. Pressure of the Atmosphere, Tom'icelWs Ex¬ 
periment 




72 TorrioelU*8 Ea^enment 

Tho action of the atmogphere was distinctly ascertained 
by the experiment of Torricelli. Taking a gl^ tnbe AB^ 


-A- B 



32 or more inches in length, open at the end A and closed 
at tho end he filled it with mercury, and then, closing 
the end inverted the tube, immersed the end ^ in a cup 
of mercury, and then opened tlie end A, The mercury was 
obseired to descend through a certain space, leaving a 
vacuum at the top of tho tube, but resting with its surface 
at a height of about inches above tho surface of 

the mercury in the cup. 

It thus appears that the atmospheric pressure, acting 
on the surface of the mercury in the cup, and transmitted, 
as we have shewn that such pressures must be transmitted, 
supports the column.of mercury in the tube, and provides 
us with the means of directly measuring the amount of tho 
atmospheric pressure. 

In fact, tho weight of the column of mercury in the 
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tnbe above the surface in the cup, is exactly equivalent to 
the atmospheric pressure on an area equal to that of the 
section of the tube. This is about 15lbs. on a square 
inch. 

* 

74. Air haa weight. This may be directly proved by" 
weighing a flask filled with air; and afterwards weighing 
it, when the air has been withdrawn by means of an air- 
pump. The difiereuce of the weights is the weight of the ^ 
air contained by the flask. 

We are now in a position to account for the fact of at¬ 
mospheric pressure. The earth is surrounded by a quan¬ 
tity of air, the height of which is limited, as may be proved 
by dynamical and other considerations; and if, above any 
horizontal area, we suppose a cylindrical column extending 
to the surface of the atmosphere, the weight of the column 
of* air must bo entirely supported by the horizontal area 
upon which it rests, and the pressure upon the area is 
therefore equal to the weight of the column of air. 

According to this theory the pressure of the air must 
diminish as the height above the earth’s surface increases, 
and, from experiments in balloons, and in mountain ascents, 
this is.found to be the case. As befol'e, taking ja for the 
pressure at any given place, and p as the density of the 
air, the pressure at a height z will be 

I n-gpz, 

if we assume that the density of the air is sensibly the 
same through the height z, 

75. It has been mentioned that the pressure of a gas de¬ 
pends chiefly upon its volume and temperature, but it is implied 

• in that statement that the gas is confined within a limited space, 
for without such a restriction the effect of its elasticity might 
be the unlimited expansion and ultimate dispersion of the gas. 

The action of gravity is equivalent to the effect of a com¬ 
pression of the gas, and it is thus seen that the pressure of a 
gas is in fact due to its weight, as in the case of a liquid. 

76. It may be shewn in the same manner as for air 
that any other gas ha s weight, and that the intrinsic weight 
is in general differmit for different gases. 
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Oarbonic acid gaa, for instance, is hearier than air, 
and this is illustrate by the fact that it can be poured^ as 
if it were liquid, from one jar to another. 

The Barometer, 

This instrument, which is employed for measuring 
the pressure of the atmosphere, consists of a 
bent tube ABC^ closed at and having the 
end C open. 

The height of the portion AB is usually 
about 32 or 33 inches, and the portion BC 
is generally for convenience of much jarger 
diimeter than AB. The tube contains a 
quantity of mercury, and the portion AP 
above the mercury is a vacuum. 

If the plane of the surface in BC inter¬ 
sect AB in Q, it is clear, since the pressure 
at all points of a horizontal plane is the same, 
that the pressure at Q is the same as the at¬ 
mospheric pressure, which is transmitted from 
the surface at (7 to and therefore the at¬ 
mospheric pressure supports the column of mercury PQ. 
Hence the height of this column is a measure of the at¬ 
mospheric pressure, and if o* be the density of mercury, and 
n the atmospheric pressure, 

n^gtrPQ. j 

The density of mcrcui^ diminishes with an increase of 
temperature, and it is an experimental result that, for an 
increase of 1** centigrade, the expansion of mercury is 

r^th, or .00018018 of its volume; and therefore if tr, be 
oooU 

the density at a temperature % and iro at a temperature 0^, 

<ro=<r,(H-.000180180, 
or, if d=.00018018, (t©=< r, (1 + dO; 
and .*. n=^(r, .PQ—go^ (1— $t) PQ.^ 

, 78. The average height of the barometric column at 
t^ level of the sea is found to vary with the latitude, but 
it is generally between 29} and 30 inches. This height is 
however subject to continuous variations; during any one 
day there is an oscillation in the column, and the mean 
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[leight for ono day is itself subject to an annual oscilla¬ 
tion, independently of irregular and rapid oscillations due 
to high Tvinds and stormy weather. Usually the height of 
the column is a maximum about 9 in the morning; it then 
descends until 3 P.M., and again attains a putTimnrn at 9 in 
the erening. 

79. The Water Barometer. Any kind of liquid will 
^serve to measure the atmospheric pressure, but the gjoat 
" densitY of mercup it. fha r ^Qgt convenient»for n Se 

^rpose . If water were employed, it woula be necessary 
*t0 have a tube of groat length; in fact, as the density of 
mercury is about kB.568 times that of water, the.height of 
the column of water would bo about 3 3^]^ feet . 

Graduation of the Barometer. Suppose the co¬ 
lumn of mercury to rise above P (fig. Art. 77); then it is 
clear that it descends below Q in BC^ and that the vari¬ 
ation in the height of the column is the sum of these two 
changes. 

Let A, K bo the sectional areas of the tubes, and x ^e 
ascent above P, or the apparent variation; then the do- 

scent below Cie -,.1, and the true variation is 



Hence in graduation tho distances actually measured 
from tho zero point must bo marked laiger in tho ratio of 



81. To find the atmospheric pressure on a square 
inch. 

This we can determine at once by observing that it is 
the weight of a cylindrical column of mercury of whicli 
the base is a square inch and the height equal to that of 
the barometric column. 

The specific gravity of mercury is 13.568 times that of 
water; hence the atmospheric pressure on a square inch, 
taking 30 inches as the height of the barometer at the sea 
level, 

I =309C 13.568X 1000-r 1728 oz. 

I =147 lbs. ~ 
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Boyles Law, 

This pressure Tories from time to tim^ but is generally 
between 14^ and 15lbs^ 

82. The heigM of the homegmeota atmo^here. 

If the density of the atmosphere were the same through¬ 
out the whole yertical column as it is at the sea level, its 
height would be less than 6 miles. 


To prove this, let <r, p be the densities of mercury and 
of air, each referred to water; then, if 4 be the height of 
the barometer, the atmospheric pressure=^0*4. Hence 

the height of the atmospheric column wniild be - 4. Now, 

P 

it has been found that the ratio o- : p is about 10462 : 1, 


and if we tahe 4 to bo 30 inches, we shall find that - 4 is 

' P 

a little less than 5 miles. 


I *^3. The presmre qf a given quantity qf air, at a 
gtv^n temperaturef varies inversely as the space it ot- 
cupies. 


The experimental proof of this law, due to Boyle and 
* Marriotte, is as follows. 


A bent glass tube, the shorter branch of which can 


have its end closed, is fixed to a gra¬ 
duated stand. Both ends being open, 
a little mercury is poured in, which 
rests with its surfaces P, P in the 
same horizonial plane. The end A is 
now closed and more mercury is poured 
in at P; the effect is a compression 
of the air in AP^ the mercury rising 
to a height Q, which is however below 
the surface R of the mercury in BP, 

After closing the end A the pres¬ 
sure of the air is equal to the atmo¬ 
spheric pressure, and when more mer¬ 
cury has been poured in, the pressure 
of the air in A Q is equal to that of 
the mercury at Q, the same level in 
the longer branch. This latter pres- 
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sure is duo to the atmospheric pressure ou the sur&ce B, 
and the weight of the column RQ. 


If now the spaces A^, AP be compared, whidi may 
be efiEected by comparing wo weights of the mercury they 
would contain, and if the height h of the barometer be 
observed, it will be found that 

sp ace h+QR 

space h 


But, taking n as tho original pressure of the air in 
AP, and n' as its pressure when compressed, 

U—ffahj and U' g<rRQ=:g<r {h+RQ)i 

n' : n :: space ^P : space 
and this proves the law for a c ompression of air . 


^ For a dilatation, employ a bout glass tube, of which 
both branches are long, and pour in mer- . 
cury to a height P; then close tho end 
A and withdraw some of the mercury 
from the branch ; let Q and R be tho 
row surfaces. 


\ 




It will now be found that 
space AP _ QR 
space AQ ~~ h 


But if n" bo tho pressure of the air 
when dilated, 

n''=pressure at R-g^rQR 
-g<T{h-QR)\ 



And .*. n" : n :: space AP : space AQ. 


In each case care must bo taken to have the tem¬ 
peratures the same at the beginning and at the conclusion 
of the experiment. 

Henco it follows that, since the density of a ^ven 
quantity of air varies inversely as its volume, the pressure 
varies directly as the density. If p be tho pressure, and 
p the density, this is expressed by tho equation, 

where is a quantify to be determined by experiment. 
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►84. Effect <\fa change <ff temperature. 

If the pressure remain constantf an increase of tern- 
percAute ^ 1** centigrade^ prodvxm in a given mass qf 
air an expansion .003665 if its volume. 

This experimental law, combined with the preceding, 
enables us to express the relation between the pressur e, 
d ^sity j i and temperature of a giTen mass of air? or ga^ ' 

Imagine a quantity of air confined in a cylinder by 
a piston to which a given force is applied, and let the 



temperature be 0® C. Raise the temperature to the 
piston will then be forced out until the original volume 
(Fp) is increased by .0 03665 1.Vf^ovatV^ designating the 
decimal by a. If F be'Tbe new volume, we have 

V=V.{\+at), t 

and therefore, if p, p© be the densities at the tempera- 
^ tores 0®, po = p (1 + at). 

Uence, p—kpQ= kp (1 +a 0. j 

85. Absolute Temperature, 

If we can imagine the temperature of a gas lowered*^ 
nn ti l its pressure vanishes, without any change of volume, 
we arrive at what is called the absolute zero of tempo- 
'‘rature. 

Assuming ^0 to be this temperature on the centigrade 
scale, we have 1 + =0, 

or «0=-273®.| 

In Fahrenheit’s scale this is —459®. 

Hence jp = icp(l+aO=Kpo(f”^)=*P®^ 
if 7 be the absolute temperature. 

Taking F as the volume of the gas, p F is constant, and 

therefore*^ is constant; i.e. the product qf the pressure 
and volume is proportional to the absolute temperature 
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Th6 air Thermometer is a long siraiglit tube of unif onn b<»e 
closed at its lower end, open at the upp» end, and containing 
air or some other gas, wMoh is separa^ from the extepal air 
by a short column of liquid. 

l]his*'thermometer is very sensitive, but it has the disadvan¬ 
tage that, as the atmosphmo pressure is variable, no estrma- 
tion can to made of the temperature without at the same time 
taking account of the height of the barometer *. 

dd. lUtutration. The effect of heat in the expanuon 
of air may be illustrated by a simple experiment. 

Take a glass tube, open at one 
end, and ending in a bulb at the 
other; immerse the open end in 
water, and then apply the heat of 
a lamp to the bulb. The air in the 
bulb ^1 expand, and will drive out 
a portion of the water in the tube. 

If the lainp bo removed, the 
air within will be cooled, and tho 
water will then rise in the tube. ^ 

87. Determination of heights hy tJiS harometer. 

It is found both from theory and from observatimi, 
that the height of the barometric column depends on its 
altitude above the sea level, and we are thus provided 
with a means of directly inferring from observation the 
height of any given station above the level of the sea. 

For this purpose it is necessary to construct a formula 
which shall connect the height of the barometer with the 
height of its position above a given level, such as the sea 
level. 

A general formula would bo somewhat complicated, 
and difficult to obtain without the aid of the Integral 
Calculus, since the atmospheric pressure depends on the 
temperature and density of the air, which both vaiy with 
the height, and also on the intensity of gravity, which 
diminisbes with an increaso of height. 

Wo shall however construct a formula on the suppo¬ 
sition that the temperature and the force of gravity re* 



* See Chapter II. of Maxwell's Heat. 
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Toaixi constant: this will bo practically a6eM«for i£e 
determination of comparatiyoly small differences of al¬ 
titude. 

V a series of heights he taken in arithmetic pro¬ 
gression^ the densities of the air decrease in geometric 
progression. 

Take a Yertical column of the atmosphere of a given 
height Zy and lot it be divided into n horizontal layers of 

the same thickness, i e. -, and suppose that px> Ps --P« 

Ifh 

» 

ropresent the densities of the successive layers, mc^auring 
upwards. 

Those layers may bo supposed each of the samo density 
throughout, and, if wo take the temperature the same 
in all, the pressures on the upper sides of the layers 
will be 

^Pi» kpff.,,kp^f 

k being the constant of variation for the particular tem¬ 
perature. 

The difference between any two consecutive pressures 
must be equal to the weight of the air between them, and 

therefore, taking ther—i]“ and pressures, 


kpr~‘\“‘kpr = , 

or =(^+^^)pr; 

** p, “ 4 

that is, the densities diminish in geometric progression. 


\ { 89. To find an expression for the difference (f the 
attitudes qf two stations. 

It z ho this difference, we have from the preceding 
article, putting y for 
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t 4 

and po for the dS^nsity immediately beneath the lowest 
layer of air, 

Pn-i=ypn> p*-s=yp«-i...pi=ypi, po=ypi» 

r jU V 

and therefore, Po=y*Pii* J ^ 

Hence, if p', p bo tho corresponding pressures 

Let h'f h be the observed altitudes of the baitemeter 
at tho higher and lower stations respectively. 

Then 


And 


Now the larger wo make n, the more nearly our hy¬ 
pothetical case a{)proaches to the Qontinuous variation of 
tho actual density of the air, and by taking n very large, 
we obtain the apijrozimato expression. 



observing that 7/ is loss than A, and that the temperature 
and tl*o force of gravity are supposed constant throughout 
the height z. 

The Siphon, 

90. The action of a siphon is an important practical 
illustration of atmospheric pressure. 

It is simply a bent tube ABC^ which is open at botli 
ends. When filled with water, the ends are closed and 
the siphon is then inverted, and one end C placed in water, 
the o&er end A being below the surihee of the water. 

6 


l=5-*=C'0- 

Iog,^,=„log(l+Q 

2 ) 
\k ^ 2 L'h * —}■ 


S* £■ Be 
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If the end C be <^nec4 it is dear that the pressure at 
A is greater than the pressure at Qy which is equal to the 
prcsBjpre at P, and therefore to the atmospheric pressura 


T8 



‘***''Heiico, if the end A be unclosed, the water at A will 
^ begin to flow out, and by so doing diminish tho pressure 
in the tube, and tend to form a vacuum in the upper por¬ 
tion of the tube. But if the height of B above the suiface 
I of the water be loss than the height h of the water- 
.barometer, the atmospheric pressure will for^ tho water 
^xip the tube, and maintain a continuous flow through the 
end Ay until ei^er the sui|EU$e has fallen below (7, or, if 
the siphon be long enough, until it has descended so far 
jtggt its depth below B is greater than h. .x 

A, 91^ Methods of fUing and graduating a Thermo- 
\ meter. 


fill the Thermometer with mercury a paper funnel 
is 'fastened to the open end, and mLorcury poured into it; 
gjhe bulb is then heated over a ^irit-lamp, a portion of the 
in the tube is thereby expelled, aud if the bulb be 
^o&led the mercury descends in the tube. This process is 
{•repeated until the air is completely expelled, and when 
the tube is quite full and the mercury overflowing, the 
upper end is hermetically sealed by moans of a blow-pipe; 
during the subsequent cooling the mercury contracts' and 
descends, leaving tiie vacuum at the top of the tube*. 


The free^g and boiling points are now to be deter¬ 
mined. 

A 

The freezing point is obtained by immerdog the bulb 
and the lower portion of the tube in melting snow* and 


« Thb BO^aUed vaeuam is filled lUtb tin Tspour of iMicficy. 
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.marking the tube outside at the end of the mercurial 
column. 

The boiling point is Qbtained by immersing the bulb 
in the vapour of water boUing umSsr a given atmosphei^ 
pressure, and markup the tube as before. 

The temperature of steam depends on the atmospheric 
pressure, and it is therefore necessary to fix on sme 
standard pressure, and to define the boiling point as the 
temperature of steam at that pressure. A tjarbrnOtric 
column of 30 inches at the level of the sea is the usual 
standard. 

For the Centigrade Thermometer, the boiling poin^ 
100^, is the temperature of steam when the height of the 
barometric column is 29.9218 inches at the level of the sea 
in latitude 45”. 

For some time after boiling the height of the mercury at 
the freezing temperature is gradually increased, and it has been 
found that it takes 4 or 5 years for the zero to attain its per* 
manent position after boiling. ^ 

92. Use of the Mercurial Thermometer limited. 

Mercury freezes at a temperature of-40” C, and boils 
at a temperature of hbout 350” 0; it is therefore necessary 
for very high or very low temperatures to employ different 
substances. 

For very low temperatures spirit of wine is usod,ujid 
this liquid iSy^eneraHy employed in the construction of 
minimum Thermometers.. 

High temperatures are^mpared by observing the ex¬ 
pansion of b^s of metal or^other solid substances, and 
various instruments, called pyrometers^ have been ooii- 
stmeted for this purpose. 

93. The Differential Thermometer is constructed in 
two different forms. In one form, of which the figure ia a 
section, a horizontal tube branches upwards into two short 
vertical tubes ending in bulbs of oqi^ size. 

These bulbs contain air, and in the horizontal tube is 
a small portion of some coloured liquid, by which the air 
in one bulb is separated from the air in ^e other. The 

6—2 
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quantities of air are equal, so that when the bulbs have 
the same temperature the bubble of liquid rests at the 



middle of tho tube: if however the temperatures bo dif¬ 
ferent, the liquid will rest in a position nearer to the bulb 
of lower temperature than to the other, since the air- 
pressure within it will be less than that in the other. 

In the other form of the differential thermometer, the 
vertical portions, A, of the tube extend to a much 
greater height, and tho liquid fills the whole of the hori¬ 
zontal portion of tho tube, and also partly fills tho vertical 
portion of the tube. 

> 

The principle of the construction is the same, and the 
difference consists in tho graduation of the vertical por¬ 
tions, instead of the horizontal portion of the tube. 

On account of their great sensibility these thermo¬ 
meters are extremely useful in detoq^ing small differences 
of temperature. 

In graduating the second of these instruments, allow¬ 
ance must be made for the weight of the liquid, which is 
contained in tho vertical tubes. 

94. Ex. 1. Tht same qvMtUUies of atmospheric air are eon» 
tained in tm hcUofW spheres; the internal radii being r, and 
the teTsperaivres t, t' respectivelyt compare ^ whole pressures on 
the surfaces. 

Taking />, // as the densities, we have, since the masses are 
aqnal, and the voloioes in the ratio of r*: qji’. 
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If be tbe correspondbig pressaiaE^ 

p-hp().+td)t p's=i/>'(l+crf'X 

and the pressures on the surfaces are 

4irr^, and 

which ore in the ratio 

r®/j(l + at) : r'V(l + ®0» 
o^r'(l+a^) : r(l + oO» 

Ex 2. A hollow cylinder, oycn at the top, ii inverted, and 
partly immersed in water, it <s required to find the height of the 
surface of the water within the cylinder. 



Tuko & for the length of the cylinder! and a for the length 
not immexsed. 

Let X be the depth of the surface within below the surface 
without, II, II' the preisures of the atmoapheue air and of the 
compressed air in LC. 

Then II' : 11 ;• 6 : a+x, Art 83, 

and n'= pressure of the water at the level C=Jl+gpx; 

Tl+gftx _ h 
IZ C5 

If ^ be the height of the water-barometer, U^gpik, and 

A-fg _ 6 
h a+x* 

ox a^*+ (a+A)«s®(ft-o) A. 



86 Examples, 

This equation two values for Xf one positive and the 
other negative^ the positive value being the one whidi belongs 
to the problem before us. The negative value is the result of 
another problem, the algebraical statement of which leads to the 
same quadratic equation 


Ex. 3. A tnuUl gua/ntUy of air w Ufe in the upper part of 
a haronuier-iube; it is required to determine the eff&A on the 
height of the column. 

Let a be the length of the upper part of the tube which the 
air would occupy if its density were the same as that of the 
external air, and as the space it actually occupies, when the 
height of a true barometer is h. 

If n be the pressure of the external air, and 11^ of the air in 
the space a;, 

n "«• 


Let h' be the height of the faulty barometer, then 


TLsigffhf and n'+f;r(TA'=n; 


. h-h' 
A 


(3). 


The column is therefore defgessed ~ inches, 


. A' o 
or, since 

A X 


ah! 

x-a 


inches. 


Hence, if a be known, and A' and x bb observed, the height of 
a true barometer can be inferred. 

If a be unknown, it can be found from the equation (1) by 
taking simultaneous obsorvations of A^ x^ and the height A of a 
true barometer. 


szAHorATiON ON ohatteh y. 

X. Whix is the effect of heat on the elastio force of air or 

gasf 

2. H Fahrenheit*8 Thermometer jk 40^ what are the 
coxzespondiiig marks of Beaumnr's and the Centigrade t 
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3. D6ionb6 A xDflihod oC libo'wing ihut air ia a ponderable 
body. 

4. When the merouiial barometer etanda at 30 inohea, 

wt#ia the heigilft the barom eter formed of a liquid of which 
the specifio gravity ia 5.6 f "7^ « v/ , > 

5. The air contained in a cubical veasel, the edge of which 
ia one foot» ia compressed into a cubical vessel of which the edge 
xa one inch; compare the pressures on a abip of vessel. 

6. State the relation between the pressure, density, and 
temperature of a gas. 

>Arhe air in a spherical globe, one foot in diameter, ia com¬ 
pressed into another globe, 6 inches in diameter, and the tem¬ 
perature is raised by ; compare the pressures of the air under 
the two conditions. Also compare the pressures on the surfaces 
of the globes. 

^ 7* Describe the siphon and its action. What would be the 
effect of making a small aperture at the highest point of a 
siphon? ,* » »♦ *.’//> *f'/' 

8. Explain how the boiling point in a thennometer is de¬ 
fined. 

9. If a barometer be held in a position not vertical, what 
would be the effect on the length of the column of mercury? 

ho. If the sum of the readings f on Fahrenheit’s and the 
centigrade theimometer be zero for the same tempeiature, find 
the reading of each thermometer. 

vll. At the top of a mountain the barometer stands at 25 
inches; what would b4 the effect on the action of a siphon car¬ 
ried to the top ? 4*.vrS wvU. w - - 

12. A siphon is filled with mercury, and held with its legs 

pointing downwards, and the ends closed; what will be the 

effect of opening the ends, Ist, when they are, and 2ndly, when 

they are not, in the same horizontal plane ? 

% 

13. A cylindrical vessel contains water; Low will a change 
in the height of the barometer affect the pressures on the base 
n-Tid curved surfaces of the cylinder, and to what eictent ? 

14. A block of wood weighs, in air, exactly the same as a 

block of iron; whi(^ ia really the heavier ? *' ^ 

/15. Examine the effec^^of nu^g^ a si^ apertqre, Ist, 
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in the longer hranch, 2ndly, in the Sorter branch ol the tube of 
a barometer! 


16. Explain the uses, let, of the amall hole which is made 
in the lid of a teapot, 2 ndl 7 , of a v£|^peg.^ " 

^7. Supposing the air half exhausted in a pair of Mogde* 
buigh hemispheres, 14 ft. in diameter, find the force required 
to separate them, taking 15 lbs. as the atmospheric pressure on 
a square inch. ^ 

18. If a piece of glass float in the mercury within a baro* 
meter, will the mercury stand higher or lower in consequence! 

19. Will any change in the action of a siphon be in any 
case coincident with a fall in the barometer % 


>'20. A weight, suspended by a string from a fi\'ed point, is 
parrially immersed in water; will the tension of tjbe string be 
increas^ or diminished as the barometer rises 1 ^ 


21. A bladder ■Jth filled with atmospheric air is placed 
under the receiver of an air-pump; the capacity of the receiver 
being twice that of the barrel. Shew that it will be fully dis¬ 
tended before the completion of the 6th stroke. 


170TES ox GHAPTEB V. 

T'hermometeri were first constructed about the end of the 
sixteenth centuiy^ but the name of the inventor is not certainly 
known. 

The various scales were formed in the early part of the 18th 
century; Fahrenheit's in 1714, at Dantzic; Beaumuris in 1731; 
and the Centigrade by Celsius, a Swede, somewhat later. 

The Aneroid Barometer, This instrument was invented by 
Yidi, and is exceedingly useful in mountain ascents on account 
of its small size and weight. Its construction depends on the 
varying effect of the atmospheric pressure on a thin metallic 
plate casing an exliausted chamber. A small metallio chamber, 
cylindrical in form, about an inch in height, and 2 or 3 inches 
in diameter, and closed by an elastic metal plate, is exhausted; 
this is placed in a larger cylinder and the top of the elastic 
plate is connected by a system of levers with the hand of a 
graduated dial-face, so that any slight change of elevation or 
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depression &t the oentre of the metallic plate is magnified «id 
rendered visible by the motion of the hand. 

^ourdm't Metcd^ Baromter, invented in 1850, is another 
instrument of a similar kind*. 

It consists of an elastic flattened tube, ABC, of metal, ex< 

1B( 


D 

0 


hausted of air, and bent very nearly into a circular form; the 
middle part B is fixed and the rest of the tube is free. The 
section of the tube is like an ellipse, J), and it is found that if 
the atmospheric pressure increase, the tube becomes more curved, 
and the ends A, (7 approach each other; and if it diminish, that 
the ends A, 0 separate. Hence if these ends be connected with 
the hand of a dial-face, the motion of the hand will mark the 
changes of atmospheric pressure. 

If the tube ABO, instead of being a vacuum, be connected 
by a pipe with tho boiler of a steam engine, or with any vessel 
containing air or gas, it becomes a very convenient nianometer, 
(see Art. 114), and is in fact sometimes used for this purpose on 
the engines of locomotives. 

The Siphon. The general use of the siphon is to transfer 
liquids from one vessel to another without moving either vesseL 
It is useful in many other operations, such as draining a flooded 
-field; and lately large siphons, 140 feet in length and 3^feet 
in diameter, have been constructed for the purpose of draining 
the lands flooded by tbe inundation which occurred during the 
year 1S62 on the eastern coast. These siphons were set working 
successfully. The Times, Oct. 1, 18(12. 

The Magddmrgh Hemispheres. A practical demonstration of 
the fact of atmospheric pressure was given by Otto von Guericke 
in 1654, who constructed this apparatus. 

*Xhe term Aneroid is sometimes applied to this Initromeut, 
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It conaista of two« hollow hemispheFes of brass, fitting each 
otiier very accurately. A tube out dT one of Ihe 
hemispheres is screwed on the plate of im idr^puinp, 
and, when the two have been fitted togethw and the 
air exhausted, the stop-cock is,turned, the apparatus 
removed from the air-pump, and a handle screwed 
on. Supposing the diameter of the hemispheres to be 
3 or 4 inches, it will be found that a force of from 
100 to 180 lbs. will be necessary to separate them* 

The inventor employed hemispheres of nearly a foot 
in diameter, and shewed that a strain of more than 
1500 lbs. was required to force them asunder. 

Taking the diameter as one foot, we can calculate the requi- 
aite force. The resultant pressure on one hemisphere is equal to 
the air-pressure on a circle one foot in diameter, that is, upon 
an area of 36ir square inches. Making allowance for the fact 
that a perfect vacuum cannot be obtained, we may take 14 lbs. 
as approximately the pressure on a square inch, and the pressure 
is 504w lbs., or nearly 1583 lbs. 

Weiffht of the Air. Galileo measured the weight of the air 
by filling a globe with compressed air, and then weighing the 
globe. He employed a syringe to force the air into the globe j 
and, in order to find the quantity of air, he placed the globe in 
'an inverted glass receiver filled with water, then opened it, and 
observed the amount of water displaced. 

Torricelli and Pascal, The experiment of Torricelli, de¬ 
scribed in Art. (73), was made in the year 1648, one year after 
the death of Galileo, w'ho had remarked the fact that a pump 
would not raise water to a greater height than 32 or 33 feet, 
but was unable to account for it. It was reserved for his pupil 
and successor, Torricelli, to explain the real cause of the pheno¬ 
menon, and his experiment was repeated and its consequences 
were extended by Pascal a few years later. 

Torricelli shewed that the pressure of the lur supports the 
column of nteroafy in a barometric tube; Pascal demonstrated 
that the weight of the air is the cause of the pressure. Amongst 
various experiments, Pascal had a water-barometer constructed, 
but his most valuable idea was a suggestion that the heights of 
a barometer, sit the foot and at the top of a mountain, should 
be compared. This was effected by his friend Peiier in 1648, 
who ascended the Puy de Dome in Auvergne, and ascertained 
the fact of a fall of nearly 4 inches in the barometer at the top 
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of the mountain. The obsenretions were repeated in iraiioiu 
ways^ ooDi the roofii of houses, and in cellars, and it was thos 
rendered clear that the weight of the air is the immediate cause 
of the existence of the harometric column. 

Hie two treatises of Pascal, De V4qvUSbre des liqueurs, et de 
la peaanteur de la masse de Vair, contain the theory of the pres¬ 
sure of fluids, and give complete explanations of the actions of 
siphons and pumps, and of many common phenomena; the 
mainSohject however of these treatises is to demonstrate the im- 
philosophical character of the old explanation that the abhor¬ 
rence of nature to a vacuum accounted for the rise of water in 
a pump, and that this abhorrence did not exist beyond a rise of 
S2 feet. 

It Sppears that Des Cartes was acquainted with the fact that 
air has weight, and indeed he made a suggestion that the reason 
why water will not rise beyond a certain height is the weight of tJie 
water which counterbalances that of the qsn , ^ 

Balloon Asc&nis. The fall of the barometer in balloon ascents 
is a means of determining the altitude attained. 

In a balloon ascent by De Luc, the barometer at the greatest 
height stood at 12 inches; but in a late balloon ascent by Mr 
Glaisher, the column was seen to descend to less than 10 inchfs, 
implying a height of nearly six miles; and it is probable, as the 
observations were interrupted by the seifcnty of the cold, and 
the rarity of the air, that an altitude of more than six miles was 
attained. 77te Times, Sept. 9,1862. 

EXAMPLES. ^ 

fl. The temperature of the air in an extensible spherical en¬ 
velope is gradually raised and the envelope is allowed to 
expand till its ladius is n times its original length; compare 
■pressure of the air in the two cases. 

2. A volume of air of any magnitude, free from the action ^ 
of force, and of variable temperature, is at rest: if tbo temper¬ 
atures at a series of points within it be in arithmetical progres¬ 
sion, prove that the densities at these points are in harmdBioal 
progression. 

>/8. A g|yen. weight of heavy elastic fluid of uniform tem¬ 
perature is oonfined in a smooth vertical cylinder by a piston of 
given weight; shew how to find the volume of the fluid. 
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A mass of air at a tempexatni^ f is dontaaiidd lA a4^1m* 
der wbidi has an air-'Ught piston fitting into it^ and it is fivund 
^ t^t tho air ezorts a pressure P on the piston: the air being 

a^^enly compressed into-th of its former Tolome, and the 

temperature changed to 4^, find the pressure on the piston. 

5. A piston moves freely in a closed air-tight cylindfv, the 
axis of which is vertical. 'When the piston is in the middle of 
the cylinder, the air above and the air below are of the same 
density. Find the position of equilibrium of the piston. 

^1. A vertical closed cylinder is half filled with water, the 
oth^ half being occupied by air of a given density and tem¬ 
perature; if the temperature be raised find the increase of 
the whole pressure on the base, and on the curved Burfac%cf the 
cylinder. 

'*^7. Find the greatest height over which a liquid of density 
p can be carried by mea^^ a siphon when the height of the 
barometer is h, 

If A, h* be'thesihcii^ts of the surface of the mercury in 
the tube of a barometer above the surface of mercury in tbe 
cistern at two different times, compare the densities of the air 
at those times, the temperature being supposed unaltered. 

A vertical cylinder, containing air, is closed by a piston, 
which is tied by an elastic string fastened to its central point, 
and also to the base of the cylinder. If when the piston is in 
equilibrium the string have its nature length, determine the 
effect on the length of the string of increasing tbe temperature 
of the air in the cylinder by a given number of degrees. 

If under an exhausted receiver a cylinder sinks to si 
depth equal to three-fourths of its axis;* find the alteration in 
the depth of immersion when the air (specific gravityts.0018) is 
admitted. 

^11. A body is floating in a fluid; a hollow vessel is in¬ 
verted over it and depressed: what effect will be produced in 

t position of tbe body, (1) with reference to the surfaoejof the 
d within the vessel, (2) with reference to the surface^of the 
j^^joutside? 

IS, A pipe 15 feet long, closed at the iq>per extremity, is 
placed verti^ly in a tank of the some height; the tank ia then 
filled .with water; shew that^ if the height of the«water-baro- 
■ meter be 33 feet> 9 inches, the water wiU rise 3 fee^ 9 iiufiies in 
the pipe. 
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413^, A ves8^. in tbe foim of a piianij whose base is a regn- 
lar hexagon, is filbd with air; prove that, if eyeiy rectangular 
fisce of the prism he capable oi taming about its edges, 
and the prism be then,-compressed so that its base becomes an 
equilateral triangle, the pressure of the air within it will be in¬ 
creased in the ratio of 8 to 2. 


A.i* A conical wine-giass is immersed, mouth downwards, 
in water; how far must it be depressed in order that the water 
within the glass may rise half way up it t 

*15. A jar contains water in which a hollow ri^d envelope 
open at the bottom and partially filled with air just floats; the 
top of the'jar is closed by an elastio membrane, and a small 
space between it and the water is filled with air; on pressing the 
membrane inwards the envelope sinks; explain this. 


^16. A barometer is held suspended in a vessel of wsltSl*'hy 
a string attached to its upper end, so that a po^on of the string 
is immersed; find the height of the mrrcur^jsnd tha tension of 
the string. If more water be poured intone vessel. howiriU. 
the tension of the string he affected ? It' 


^ mm 

*17. A piston, the weight of which is equal to the atmo¬ 
spheric pressure on one of its ends, is placed in the middle of a 
hollow cylinder which it exactly fits, so as to leave a length a at 
each end filled with atmospheric air. The ends of the cylinder 
axe then closed, and the cylinder is placed with its axis inclined 
at an angle a to the vertical; shew that the piston will rest at a 

distance a {(1+8ec^ a)^ - sec a} from its former position. 


^18. A cylinder, open at both ends, is partly immersed in 
waiter, its axis being v^ioal; the upper end is then closed, and 
the cylinder is raised until its lower end is very near the surfiaoe 
of the water outside; find the height to which the water rises 
inside. 

*^19. Two barometers of the same length and transverse sec- 
Ition ea<d) contain a small quantity of air; their readings at one 
time are A, k, and at another time h', V; compare the quantities, 
of air in them. 

20. Taking the figure of Art. 93, determine the position of 
the bubble when the temperatures of the bulbs are respectively 
( and If, 

21. lu 'tiie second of the differential thermometers, oalou- 
lata the difference of the altitudes of the liquid in the veitioal 
tubes when the temperatures of the bulbs are t and V, 
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The Diving JBeUf Common Pump^ Lifting Pump^ 
Forcing Pump, Fire Engine, BramahUs Press, Air- 
Pumps, Barometer Gauge, Siphon Gauge, Con¬ 
denser, Manometers, Barker^s Mill, Piezometer, 
Hydraulic Ram, and Steam Engine, 


The Diving Bdh 

95. rpHIS is a largo bell-shaped vessel made of iroiij^ 
X open at the bottom, and containing seats for^ 
several persons. Its weight is greater than &at of the 
water it would contain, and, when lowered by a chain into 
the water, the air within it is compressed, but will prevent 
the water from rising high in the bell, and the persons^ 
seated within are thus enabled to descend in s^oty to^ 
considerable depths. 

When the surface of the water within the bell is at a 
depth of 33 feet below the outer surface the bell will be. 
half filled wiffi^water, and the compression of the air 
would of course increase with the depth, but the difficulty 
arising from this compression is overcome by fordng fresh 
ak from above through a flexible tube opening under the 
mouth of the bell There are also contrivances for the 
expulsta of the air when rendered impure. * 

Tettidon qfike Chain* This is equal to the weight of 
the beQ dimhiished by the weight of water displac^ by 
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the bell and the air within. It is therefore evident that 
unleas freah air ia forced in from above th e tension of thu 
chm will increaae as the bell deacon dfl. 

9e. Supposing iJte hell ryJindriccU, and that no air is sup- 
pUedfrom abovef it is required to find tM height to which ihe water 
rites in iht hdl. 

If the bell be partially immersed, we fall upon a case already 
considered. Ex. 2. Cb. v. 

If the bell be whoUv immersed, let b represent the length of 



the cylinder, a the depth of its top, and x the length occupied 
by air. 

The pressure of ihe air within = II - 

= n+yp(a+a:); 

and .'. if II—yp%, 

/4i = (A + a)»+a^, * 

and as before the positive value of x is the one required. 

If A be the area of the top of the bell, and if we negleot its 
thickness, the volume of water displaced is AXf and the iensiou 
of the ohain 


weight of bell gpAas, 
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7^ Common ^mp. 

The Common Pump, 

97. The Pump most commonly in use is a Suction* 
pump, of which the figure is a vertical 
section. 

ABf BC are two cylinders having a 
common axis, Jif is a piston moveable 
over the space AB by means of a ver¬ 
tical rod, connected with a handle, D 
is a spout a little above A^ and C the 
surface of the water in which the lower 
part of the pump is immersed: also in 
the piston, and at Bj are valves open¬ 
ing upwards. 

Action qf the Pump. Suppose the 
piston at B and the pump filled with 
ordinary atmospheric air; raising the 
piston, the air in BCwiSi c^n the valve 
Bf and then, expanding as the piston 
rises, its pressure will be less than that 
of the atmosphere at C outside the pump; hence the at¬ 
mospheric pressure on the surface of the water outside will 
force water up the tube BC, until the pressure at C' is 
equal to the atmospheric pressure. 

As the piston rises the water will rise in BC, the pres¬ 
sure of the air above Af keeping the valve M closed. 
When the piston descends, the valve B closes, aud the air 
in MB becoming compressed will open the valve M, and 
escape through it. 

This process being repeated, the water will at length 
ascend through the ^alve B, and at the next descent of 
the piston wifi be'^|ced through the valve M and be then 
lifted to the spout 3 , through which it will flow. 

'"'^e height BC must be less than the height (A) of the 
mter-barometer, or else the water will never rise to the 

It is not essential to the construction that there should 
Pe two eylinders; a single cylinder, with a valve some- 
’where below the lowest point of the piston-range will be 
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safficicnt', provided tho lowest point of tite range be less 
than 33 feet above the surface in the reservoir. 

In each case the height above tho water in tho reservoir 
of the piston-range should be considerably less than 33 
feet; othorwisd the quantity of water lifted by the piston '. 
at each stroke will bo small. 

In the figure the tubes are represented as straight 
tubes; this is not necessary to {(he working of a pump, 
and the tube below the piston-range may be of any shape, 
and may enter the reservoir at any horizontal distance 
from tho upper portion of the pump. 

98. Tension of the Piston-rod. If the water in BC 

has risen to P when the piston is at M, the pressure n' of 
tho air in il/P ^Mressure of water at Pavprossura at 
C-gp.PG \ 

^U-gp.PG. 

But if A be the area of the piston, tho tension of the 
rod is the diiforoiico between the atmospheric pressure 
above and the pressure It A below, i.e. (n—or 
fffPC.A. ——— 

If one inch be taken as the Vnit of length, and h bo 
the height in inches of the water-barometer, ^p4»I5lba 

PC A 

nearly, and the tensionslu —— lbs. ^ 

99. To find ike height fJtrough •which the •waler rises during 

one stroke of the piston. « 

Let P and Q be the siirfaces of the water at the beginning 
and end of an upward stroke of the piston, that is, while the 
piston is raised from B to A. 

The air which at the beginning of the stroke occupied the 
space BP occupies at the end of it the space AQ) but the pres¬ 
sures are respectively, if H^gphf 

gp(h-PC)t gp{h-QC), 

Hence h^PC : h-QC :: voL AQ : vol. BP, 

B.E.n. 


7 
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If r, R'iae the raidii of the (Fig. Axt» 97)^ 

voL ^Q==irJPilJ+irf>5Q«rJ2»ilF+irr*(FC-$0% 
toL BP^vt»SP=:^vt^{BC-PC), 

h^PO P^AS+f^iBO- QO) 

A-QC^ r»(Ba-PC) • 

«ad fur any given value of PC this equation detennineB QC, 


100. If the range of, the piston be less than ilB, as for in* 
stance AB, then EC must be less than A. 

M(Mreover, a limitation exists with regard to 
the position of 

For, if P be the surface of the water . 
when We piston M is at A^ then as the piston 
descends, the valve B close, but the ^ 

valve M will not be opened until the pressure 
of the air in MB is greater than the atuo- £ 
spheric pressure. 

When ilf is at il the pressure of the air ^ 
sspp (h - PC), and, unl^s the valve is opened Sr* 
before if arrives at E, the pressure of the air 



in EB =s gp Qh PC) 


4M 

EB! 


which must be 


P 


greater than gph» and therefore A . AE must 
be greater than AB . PC. Hence, to ensure 

the opening of the valve while the surface is _O 

below B, we must have 


A . AE>AB. BC\ 


l.e. AE must be at least the same fraction of AB that BC is 
of A. 


This condition, although in aU cases necessary, may not be 
sufficient. 

For, suppose that when if is at i, the surface of the water 
is at On in which case the pressure of the air in AQ—gp (A ~ QC). 

When the piston descends to P, the pressure in EQ 

which must be greater than gph, 

and A. AE > AQ, QC. 
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ThA Lifting Pump^ 

The greatest value ot AQ » QG is ^ AC^t and we must 
have 

h.AE> \aO\ 

* , 

Since ^AC* > AB , BOt unless B is the middle point of AO, 

it follows that this latter condition iududes the preceding, which 
is therefore in general insui&dent. 

These conditions must be also satisfied in the case of the 
pump with a single cylinder. 

101. Tension of the rod when the jpump, is in fuU action. 

In the figure of the previous Article, let CD=h; then it 
will be seen that, at each stroke, the volume BE of water is 
lifted, and therefore the tension of the rod when the piston is 
ascending will be gpA {h-k^ED) until the water begins to flow 
tUrough the spout. 

- If A be on a level with the spout, all the water lifted wiU 
be discharged, and, as the piston descends, the tension of the rod 
will \sogpAh. 


The Lifting P^mp. 


102. By means of this instrument, water can be lifted 


to any.height. It consists of two 
cylinders, in the upper of which a 
piston M is moveable; the piston-rod 
works through an air-tight collar, and 
a valve opens outwards at D leading 
into a vortical tube. When the piston 
ascends, lifting water, the valve D 
opens and water ascends in the tube; 
when the piston descends the valve 2> 
closes, and every successive stroke in- 
creasoB the quantity of water in the 
tube. The only limitation to the height 
to which water can be lifted is that 
which depends on the strength of the 
instrument, and the power by which 
the piston is raised. 



7—2 
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Tendon of ihe rod. Zf CK^\ tbe piatou lifts tbe volttme 
BK at eadi stroke, and, as the air u expelled before the ma- 
ohine is in full action, the tension . KBf until the*water is 
lifted to the valve JD. The power applied to the piston-rod 
must be then increased until the pressure of tiie wator opene the 
valve 2),* that is, until the pressure—j;rp (A+i^jD), F bmg the 
surface of the water in the tube. The water will then be forced 
up the tube, the tension of the rod increasing as the sur&ce P 
ascends. 

The Forcing ^ump. 

■ 103. In this pump tlie piston M is solid, and ranges 
over the ^ace AE. At B and Z> are 
valves opening upwards, BE being a 
tube lea^g out of AB, 

When this pump is first set in action, 
it works as a common pump, the air 
at each descent of the piston being 
driven through Z>, and the water rising 
in BC, When however the water has 
risen through Bj the piston, descend¬ 
ing, forces it through Z>, and when the 
piston ascends, the valve 2 > closes and 
/more water . 4 . rises through B. The 
next descent forces more water through 
D, and it is obvious that water can be 
thus forced upwards to any height 
consistent witli the strength of the instrument. 

The stream wbidi flows from the top of the tube will 
be intermittent, but a continuous 
stream can bo obtained by employing 
a strong air-vessel 2>Z, out of which 
the vertical tube passes upwards. 

The air in the upper part of &e ves- 
sri is condensed, and exerts a vary¬ 
ing, but continuous pressure on the 
surface of the water within the ves- 
sri, and if the size of the vessel be 
suable to that of the pump^ and to 
the rate of working it, the air jpeea- 
sure wfil not have lost its force be¬ 
fore a new edmpression is applied to 
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it, and thus a continaoiui, altibongh varying', vortical flow 
will be maintainod. 

The Fire Engine. 

104. The Fire Engine is only a modification c€ the 
Forcing'pump with an air-vessel, as just described^ 



Two cylinders are connected with the air-vessel, and 
the pistons are worked by means of a lever GEG\ so that 
while one ascends the other descends. The vertical tube 
out of the air-vessel has a flexible tube of leather attached 
to it, by means of which the stream can bo thrown in any 
dirc^ion. 

Bramah''s Prhss. 

105. This instrument is a practical application of the 
principle of the t ransmission of fluid pressures . 

In the figure, which represents a vertical section of 
t he instrum^t^ A mid V are two solid cylindore woi^ hg 
in air-tight collars ; ED and FjD are strong hollow cylinders 
wnnect^ by a pipe BD\ at is a valve opening inwards, 
and at Z> a valve opening upwards, a pipe from 1) commu¬ 
nicating with a reservoir of water, ilf is a moveable plat¬ 
form, oh .which the substance to be pressed is placed, and 
N is the top of a strong fnirnc; HKL is the lover working 
the cylinder Cy //being the fulcrum, and L the handle. 

Action of the Press. Suppose the spaces EB, FD 
filled with water, and C in its lowest position; on raising 
<7, the atmospheric pressure forces water from the reser¬ 
voir into FDy and whep C is afterwards forced down, fhe 
valve D closes, the valve B is opened, a portion of the 
water in FD is driven into EBy and the cylinder A is 
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then i^e to ascend. A continued repetition of this 
oew wiU p^uw any required compression of the substance 
betWMn M an^ AT. 



At G th^o is a plug^ which can bo unscrewed when the 
compression is conipieti^. 

Ths Force produced. If P bo the power applied at 

the handle X, the force on C downwards is P Lot 

UK. 

r, R be the radii of the cylinders C and and p the 
pressure of the water, 

then wi>p=P^, 

HL .H* 

and the pressure on A ^vR-p=P yrs-. -s . 

xzxC r* ♦ 

It is obvious that by increasing the ratio of B to r, any 
amount of pressure may be produced 

have taken for granted in describing the action of 
^kpress that the cyHnders at first were fuU of water. If 
typ is not the case the water will be pumped up from 
^ the reservoir by the action of the cylinder C, and whatever 
' air there may be within will be compressed until its pres- 
mre is the same as that of the water. 
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FKsses of thifl kind were employed in Hfting into its 
place the Britannia Bridge over the Menai Straits.^ 

106. The portion C of the instnunent is sometimes 
called a Plunger Pole Pump , and an important part of 
the machi^ is the construction of the water-tight collars 
at E and as without these water under great pressure 
would force its way between the pole and the hollow 
cylinder in which it works. 

A circular aperture DE is made in the side of the 
cylinder, and a piece of leather is 
doubled over a metal ring within it 
The figure is a vertical section of 
the cylinder and collar, and it will 
be sepn that the water pressing on 
the under %ifie of the leather keeps 
it in close contact with the side of 
tlie cylinder, and the greater the 
pressure the closer the contact, so 
that no escape of water can possibly 
take place, unless the leather bo tom. 



Hawkshee^s Air-Pump, 

107. Two cylinders, AB^ are connected by pipes 
loading from B and B through n 

G with a receiver. Pistons C 
MM are worked in the cy- G 
lindors by means of a toothed o 

wheel, and at B^ B and in the S 
pistons are valves opening up- 
wards. E 

Suppose M at its highest A] | J A 

and M' at its lowest position, JJ ' 5 

and turn the wheel so that M d 

descends and M' ascends; the 
valve B closes and the air in 
MB being compressed flows 

through the valve Mj while ' ^ 

the valve M doses, and air 

from the receiver flows through 

ff into MB. ® 
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When the wheel is toned and JT descends, the valTe 
^ closes and the air in M*B dows toroii^h AT, while 
the valTo M doses and air from the receirer flows through 
j9. At every stroke of the piston a portion of the air in 
the receiver is withdrawn, and it is evident that a degree 
of exhaustion may be thus obtained, limited only by the 
weight of the vtdvos whidi must be lifted by the pressure 
of the air beneath. 

Let A be the volume of the receiver, and B of either 
cylinder; p the density of atmospheric air and px, p»...pn 
the densities in the receiver after 1 ,descents of the 
pistons. 

After the first stroke the air which occupied the space 
A will occupy the space A+B, and therefore 

Pi(A + B)=pA, 
similarly pt(A + B)=p^A ; 

.-. p,iA-^B)^=pA\ 
and after n strokes 

Pn(A+B)*=pA\ 

Hence if ^be the pressure of the air in the receiver 
after n strok^Wd n of the atmospheric air, 

n, _Pn / A y 
n p \A+B/ ‘ 

In working the instrument, the force required is that 
which will overcome tho friction, togctlicr with the differ- 
once of the pressures on the under surfaces of tho pistons, 
the pressures on their upper surfaces being the same. 

It will be seen that a perfect vacuum cannot be ob¬ 
tained by this instrument, but, since tho density decreases 
in geometric progression as tho number of strokes in¬ 
creases, a very largo proportion of the air can be with¬ 
drawn if the instrument be constructed with sufficient 



Smmion's Air-Pump, 

4^, This instrament consists of a ^linder AB in 
which a pisfbn is worked by a rod passing through an air¬ 
tight collar at the top; a tnbe from B leads into a glass 
receirer Cj and at A and and in the piston there are 
valyes opening upwarda' 



Supposing the receiver and cylinder to be filled with 
atmospheric air, and the piston at B\ raising the piston, 
the air in AM i s compressed, opens tho vai^is A^ and flows 
out throughly while at the same |;ime a portion of the air 
iu (7-flows through the valve i?, so that when tho piston 
arrives at A, the air which at first occupied C now fills 
both the receiver and the cylinder. When the piston de¬ 
scends, the valves B and A close and the valve M ojiens; 
the air in A B passes above tho piston, and as the piston 
rises is forced through A, which is opened as soon as the 
pressure in M becomes greater than the atmospheric pres¬ 
sure. Thus at every stroke a portion of tlie air in the 
receiver is forced out through A. 

If p be the density of atmospheric air, p» the density 
in the receiver after n strokes of tho piston, and A, B the 
volumes of the receiver and cylinder respectively, then, as 
in the previous article, 

Pn(A+By^pA*f i 

observing that the volume of the connecting tube is neg¬ 
lected. 




An advantage of this inotrament ia iha^ the upper end 
the cjlinder being closed, when the piston descendSf 
the valve ^ is closed by the external pressure, and the 
valve M is then opened easily by the air beneath. More¬ 
over, the labour of working is diminished by the removal, 
during the greater part of the stroke, of the atmospheric 
pressure on which is only exerted while the valve A is 
open during the latter part of the ascent of the piston. 

A greater degree of exhaustion may be obtained by 
making the B aperture in the side of 
the cylinder without a valve, and work¬ 
ing ilie piston, a solid one with or without 
a valve, below the aperture B. The 
limitation arising from the weight of the 
valve at B is thus removed, and tlie only 
limitations left are those which arise 
from the weight of the valve at and 
the exact fitting of the piston and rc- 
oeiver. 



The Barometer Gauge. 

lOd. The density of the air in the receiver of an air. 
pump at any moment is shewn by 
this instrument 

It is simply a barometric tube, 
the upper end of which communi¬ 
cates with the receiver, whUe the 
lower end is immersed in a cup of 
mercury, so that, as the pressure, 
in the receiver diminishes, the mer¬ 
cury will rise in the tube. 

If ^ be the altitude, PQt of the 
mercury in the gauge, and h the ^ 
height of the barometer, the pres¬ 
sure of tlie air in the reoeUev^girh-gex, if o- be the 
density of mercury. 

Hence the density in the receiver is to the density of 
■atmospheric air :: k-x : h. 

^ It is important to use this gauge for experiments re- 
.quiring strict accuracy, but for less imporiaut experiments 
a siphon-gauge may be used. 
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Siphon Gunge, 

110. This is a gloss tube ABCD, the end B of 
can be screwed on a pipe communicatiDg 
with the receiver. a 

The end A is closed and the portion AB 
completely filled with mercury, which also 
fills a smdl part BP of BG. 

If AP be not moro than 28 inches in 
length, tho tube AB will at first remain 
completely filled, but as tho exhaustion pro¬ 
ceeds, tho mercury will sink in AB and rise 
in BCf and if at any time x bo tho difference 
of tho heights in and BG^ga-x will be the 
pressure in tho receiver, and the density will 
•B 

therefore ho pj^. 


which 


c 




-JJi 


> 
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111 . 
of air. 


This instrument is employed in tlie comppdssira 

- ^ 


A hollow cylinder ^2? has oiie^cnd 
screwed into tlie neck of a strong 
receiver C; at i? is a valvo opening 
inwards, and a piston M also has a 
valvo opening inwards. 


A 


Suppose tho cylinder and receiver 
filled with atmospheric air and tho 
piston to be at ^; forcing the piston 
down, tho air in MB is compressed, 
and, opening the xalvo B, is forced 
into the receiver. When the piston 
is drawn back, the valve B is closed 
by tho air in tho receiver, and tho 
valve M is opened by tho outer air 
which flows in and fills tho cylinder: 
tins air is forced into the receiver at 
the next stroke, and at every suc¬ 
ceeding stroke the some quantity of 
air is added to the receiver. 
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After n strokes, the volume of idr density p, foioed 
into the reasiver,' is -4+wJ9, A being the Tolume of the 
receiver and B of the cylinder; hencc^ if be its density, 

ptA-p{A + nB}t 



Gauge of a Condenser, A glass tube AB^ closed at 
the end and connected with the condenser at the end 



A contains atmospheric air in the portion BC, which is 
separated from the air in the condenser by a drop of mer¬ 
cury at C. As the condensation proceeds, the drop of 
mercury is forced towards B^ until tlio density in BC is 
the same as the density in the condenser. Thus when the 

BG 

mercury is at D the den8ity=p^^. 


Manometer. 


*^12. The term manometer is applied to any instru¬ 


ment for measuring the pressure of 
condensed air or gas of any kind, 
when its clastic force is greater than 
that of the atmosphere. The gauge 
of a condenser, for instance, is a ma¬ 
nometer. The term however is some¬ 
times applied to any instrument, such 
as the barometer-gauge, for mea¬ 
suring the clastic force of air or gas 
under any circumstances. 

The annexed figure represents a 
manometer, the principle of which is 
nearly the same as that of the gauge 
of a condenser. 

is a vertical glass tube, closed 
at the end A and containing dry air 
in^the part AP\ the tube ends in a 
strong bulb B containing mercuiyr, 
and m>m this bulb a tube BC pro- 
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ceedfl, leading^ to the Teasel which contains the condensed 
air or gas. When tho air in the tube C is ordinary 
atmospheric air at a given pressure, the mercury stands 
at the same level CO' in both tubes, but when &ie tube 
BC is connected with air or gas at a higher pressure 
tho mercury rises in (TAy compressing the air above it, 
until the pressure in PA is equal to the pressure in EC 
diminished by the pressure due to the column PE' of 
mercury. 

113. To find the rdcUion between the pressure to he measured 
and the height of the mercury. 

Let represent the pressure in EGy and II" the pressure in 
PA; 

then , and IL"+ff<rPE'=U'; 


n'^ffc.PE'+n—p, 

Let h, K be the sectional areas of the tubes A C\ CE; 

if per =:=x, 


and 11'=:^<ra; 



+ n —^ where a= A C\ 
a - X 


or if Jl=ffffhy VL'=gah', 


h' x(. X-N a 

h KJ^ a-x' 


This equation gives the ratio of tlie pressure required to 'the 
atmospheric pressure. 

The graduation of the instrument depends on the solution of 
the equation; thus, making h'=s2h, Zh, &c.. the successive proper 
values of x mark the altitudes for pressures of 2, 3,... atmo¬ 
spheres. 


114. The Siphon Manometer is a long glass tube 
ABCf open at the end Ay and communicating at the end C 
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with the gas or Tapour, the pressure of 
which is to be measured. 

The tube contains mercuiy, and the 
height of the mercury in AB abore its 
equilibrium level measures the excess of 
the pressure in the part BG of the tube 
above the atmospheric pressure. 

Then if the mercury ascend to P in 
ABf and descend to P in CB, GO' being 
the original level, GE—G'Py and there¬ 
fore, if G'P—x^ and n'=pre8suro in 

Il'sr n + ^<r2ar, 
or n'—n QC X, 

A graduated scale is attached to the 
tube AB, and, from the equation above, 
it is seen that the length of G*P corre¬ 
sponding to a pressure of n atmospheres 

is - A, if h be the height of the ba¬ 
rometer. Hence by giving successive integral or fractional 
values to n, the graduation of the scale can be effected. 

The manometers we have now described are con¬ 
structed on purely hydrostatic principles, but there are 
others, depending on different mochanical principles, and 
a very useful one, from its portability, is Bourdon*9 Me¬ 
tallic Manometer, which has the additional advantage of 
not being fragile. The construction of this instrument is 
briefly explained in the notes appended to Chapter v. 

Barker^9 MiU, 

115. AGB is a tube, capable of revolving about its 
axis which is vertical,' and having two or more horizontd 
tubes BE, BD connected with it. (7 is a cup through 
which water can be poured down the tube, and at D and 
E, in the sides of BD and BE, orifices are made which 
open in opposite directions. Suppose a stream of water to 
flow into C and through the tubes; as the water flows 
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through BD the pressures on the sides balance each 
other except at -D, at which part of the tube there is an 
uncompensated pressure on the side opposite the orifice, 
the effect of which is to turn tho tube CD round. The 



same effect is produced by the water issuing at and a 
continued rotation of tho instrument is thus produced. 
By means of a toothed wheel at A the instrument may be 
employed in communicating and maintaining motion in 
other machines. 

The Piezometer. < 

^116. This is an instrument for mea< 
soring the compressibility of liquids. 

A thermometer tube C!Z), open at the 
end Cy is enclosed in a strong glass vessel, 
which also contains a condenser-gauge EF. 

(See Art. 111.) 

The liquid to bo examined is poured 
into CD, and a drop of mercury is then 
introduced into CD so as to isolate tho 
liquid, and the vessel is filled with water 
and closed by a piston. The piston A is 
moveable in the neck of tho vessel, and, by 
means of a screw B, any required pressure 
can be produced. The gauge measures 
tho pressures, and the compression of the 
liquid is obtained by observing the space 
through which the drop of mercury P is 
forced. 






112 Sydratdia Ham, 

The area of a section of CD and the Toluine of the bnlh 
are found by weighing the quantities oi merooty contained 
by the bulb and a porUon of the tube. 

The Hydratdie Ram. 

*>117* The fall of water from a small he%ht produces 
a momentum which by means of tho Hydrate Ham# is 
utilized and made to produce the ascent of a column of 
water to a much greater height 



The figure is a vertical section of the machine, AB 
being tho descending and FQ the ascending column of 
water, which is supplied from a reservoir at E is an 
air-vessel with a valve at C7, opening upwards; at i> is a 
valve opening downwards, and /T is a small auxiliary air- 
vessel with a valve K opening inwards. 

The action of the Machine. The valve D will at first 
be open in its lowest position, and if water descend from 
a portion will flow through D, but tho action on the 
valve will soon dose it, and the sudden check thus pro¬ 
duced increases the pressure; the valve C is lifted and 
water flows into the vessel Ef and condenses the air 
within; the reaction of the air thus condensed forces water 
up the tube FG. 

During this process the pressure of the water in the 
Huge tube diminishes, and the valves C and D both fall; 
the fldl of the latter produces a rush of w&ter through the 

* iDveoted hj Montgolto 
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opeiiSiig 2 ), followed by an increased flow doim AS^ the 
restdt of which is again the closing of J>, and a repetition 
of the process just described, the water ascending hi^er 
in and finally flowing through Q, 

The action of the machine is assisted by the air-vessel 
IT in two ways, first, by the reaction of the air in ff which 
is eoinpressed by the descending water, and secondly by 
tiie valve JT whi^ affords supplies of fresh air. When the 
water rises through C, the air in ff suddenly expands, 
and its pressure becoming less than that of the outer air, 
the valve K opens, and a supply flows in, which compen¬ 
sates for the loss of the air absorbed by the water and 
taken up the column FG, or wasted through 2>. About 
a third of the water employed is wasted, but the machine 
onCe set in motion will continue in action for a long time 
provided the supply in the reservoir be maintained. 

n The Atmospheric Steam Engine^ 

118. This instrument, constructed by Newcomen soon 
after the year 1700, was the first in which the oscillation 
of a beam was maint^ed by the elastic force of steam. 



A solid beam EGF, which is movealde about G, has 
its ends arched; to these ends chains are attached ^ioh 
are connected with the rod of a piston in a cylinder AS^ 
and with a rod supporting a weight P, this weight being 
less than the atmospheric pressure on the j^ton. (7 is u 

B. B. H. 6 
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pipe connected with a boiler, B a pipe opening by a stop¬ 
cock, and 2> is a pipe connected with a dstoik of cold 
water. 

This engine was' first need for working the pumps of 
mines, and a rod Q attached to P is connected with the 
piston-rod of a pump. 

The stop-cocks at C and D are connected witb the 
beam, so that when M is at A, G is closed, and D opens, 
and when Jf is at P, (7 opens and D is closed. The stop¬ 
cock at B is made to open when M descends to P, and to 
close immediately after. 

Action of the Engine. The pressure of tho steam in 
the boiler is a little greater than that of the atmosphere, 
and when M is at P, C is open, and steam rushes into 
MB ; hence the weight P will cause the piston to ascend. 
When M roaches A^ C is closed, 2> is opened, and a jet of 
cold water is thrown in, condensing the steam, and thereby 
producing yery nearly a vacuum below M. The pressure 
of the air on tho piston being greater than tho weight 
P forces the piston down, and when it has descended, C 
again opens, and an oscillation of the piston is thus main¬ 
tained. 

As B opens when M descends to tho lowest point of 
its range the water flows out before the ascent. 

In the actual engine constructed by Newcomen tho 
stop-cocks were turned by hand, but an attendant, left to 
work them, invented tho machinery by which the engine 
became self-acting. 

The Single-acting Steam Engine. 

119. In the atmospheric engine, the cooling of the 
cylinder at each stroke of the piston causes a great loss of 
power, for the steam on first entering the cylinder is par¬ 
tially condensed, and its elastic force is therefore dimi¬ 
nished. One of Watt’s first improvements was to produce 
the condensation in a separate vessel The tube D was 
made to communicate wi^ a vessel containing cold water, 
the space above the water being a vacuum. This vacuum 
could be produced by filling the vessel with steam and then 
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co&dendng it by cooling the reeiseL When ilie piston is 
at the stop-cock opens and the steam rashes into the 
yacaom, and is therefore condensed by the cold water. A 
pump from the condeneung vessel was connected with the 
beam, so that the overplus of water arising from the con¬ 
densed steam would be drawn off as soon as formed. These 
two change in the atmospheric engine constitute .the 
single-acting engine, but the addition^ change of making 
the steam drive the piston downwards as well as upwards, 
leads to the double-acting engine, the type of most of the 
steam engines now in actual use. 

WatCa DofiMe-aedng ISteam Engine, 

jr 120. The cylinder ABy in which the piston works, is 
closed at both ends, the piston ranging from atob. The 
end of the piston-rod is connected by means of a jointed 


13 
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paarallelogram irith^the end ^ of the beam JSQF^ and the 
'end F of the beam is attached to the crank of the fly-wheel 
At C and D there are stop-cooks which are connected with 
the fly-wheel, so that when M arrives at a, the steam flows 
from the boiler through C into AM^ and when M arrives 
at b, the steam flows through 2> into BJf, In each case 
tilie steam is shut off when Jhf has passed over about one- 
third of its range. 

F, the condenser, is surrounded with cold water, and 
Z is a pump connoted with it; a tube from JT, not <frawu 
in the figure, is connected with O and D so that when 
steam from the boiler flows into AM, the steam from MF 
flows into F, and when steam from the boiler flows into 
JfJ5f the steam from AM escapes into F. 

Supposing ilf to be at a, steam enters AM from the 
boiler and forces ^the piston down, its expansive force 
being sufficient to complete the piston-range after it is cut 
off; on arriving at b, the steam in AM escapes into F and 
is condensed, and fresh steam from the boiler enters MB, 
drives the piston upwards, and then escapes into F and 
is condensed*^. The ^continued accumulation of water in iT 
is prevented by the pump L, by which it is drawn off at 
every stroke. 

The use of the fly-wheel is to maintain a continuous 

motion, and prevent the irregularity which would arise 

from the intermittent action of the piston. 

• 

ParaUel motioum The parallelogram EQRSl repre¬ 
sents a system of jointed rods, invented by Watt for the 
purpose of making the end Q of the piston-rod move very 
nearly in a vertical line. The point B is connected with 
a fixed centre at P, and, by a projier adjustment of the 
lengths of the rods, it is found ^t the point Q deviates 
very sfightly from the vertical during its motion. 

A fuU account of the various contrivances for parallel 
motion will be found in Professor Willis’s Mechanism,* 


The HighrPreemre Engine, 

* 121. In the double-acting engine the pressure of the 
steam need not be greater £an ^e atmospheric pressurei 



Examiwitvm, 


117 


In the faigh-ineBSihe engine it is tnimy times greater, and 
Hie steam instead of being condensed is let into the 
open air at each stroke. The condenser and air-pump are 
thus rendered unnecessary, and the engine simplified. The 
engines of locomotires on railways are high-pressure en- 

These descriptioiiB give the mun principles on vhich the 
constructions of steam engines depend, but |or the various forms 
in which these principles are developed, 'and the innumerable 
details of the mechanism connected with them, the reader must 
'consult special treatises on the subject, such as Dr Lardner's in 
Weale's series. Bourne’s works on the Steam engine, or the ex¬ 
cellent article in the Encydopcsdia BnUttmca, 


EXAMINATION UPON OHAFTEB Tl. . 

I 

1. A DIVIN6-BELI, is lowered until the surface of the water 
within is 66 feet below the outer surfade; state approximately 
how much the air is compressed. 

2. If a small hole be made in the top of a !l^ing-bdlL will 
the water flow in, or the air flow out ? HHf 

'*$. Describe the action of a comAion Pump. 

To what height could mmrouiy be raised by a pump t 

4. Distinguish between » Lifting Pump and a , Forcing 
Pump, and state the principle of the - construction of a Fire- 
engine. 

*^5. In a Bramah’s Press, iJiST is one inch, ITL is 4 inches, 
the diameter of ^ is 4 inches, and that of is half au inch; find 
the force on A produced by a force of 2 lbs. applied at X. * 

v6. If the receiver be 4 times as large as the barrel of ui 
air-pump, find after how many strokes the density of the air is 
diminished one half 

7. (State any limitations which exist to the degree of ex¬ 
haustion producible by an air-pump. 

8. Describe the Siphon-gauge, and its use. 

9 . What is a Manometer f Describe any such instrument. 

What must be the height of a Siphon Manometer that it may 
mark a pressure of 60 lbs, os asquareinchl 
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10. Describe the (Kfference between the*i^kJ|pioq>heri<3 Steam 
engine and Watt's Doable-Acting Engine. i 

41. The diameter of the piston of a Lifting pamp is 1 foot, 
the piston-iange is 2| feet, and it makes 8 strokes per minute; 
find the weight of water discharged per minute, supposing that 
the highest level of the piston-range is less than S3 feet above the 
surfime in the reservoir, and that 33 feet is the height of the 
water-barometer. 

12. If, in wording the same pump, the lower level of the 
^ piston-range be 31^ f^* above the sxu&ce in^the reservoir, fipd 
the weig^ discharged per minute. 

9 

/ 

. NOTES ON OHAPTEB YU 

•'Archimedei^ Screw. 

This instrument, one of the earliest hydraulic machines on 
"record, is employed for raising water, and depends for its action 
oni^ on the weight and mobility of the particles of water. 



* Let ABCD be a metal tube, bent into the form of a cork¬ 
screw, and then' Hold so that its axis is inclined to the vertical, 
and let it be moveable about its axis. The axis is to be inclined 
so much to the vertical, that a stone, inserted at A, will fall to 
By and alter OBciUaring rest at B. In the fipire the tube is 
drawn as if wound round a cylinder moveable about its axis. 

If we turn the cylinder in direction of the arrows, B will 
ascend, \ind the portions of the tube from jS to C7 will snoces- 
sively take the same positions as B relative to the axis of the 
cylindw; as they do so, the stone at B will fall into those posi¬ 
tions, and thus be gradually passed along the tube. Instead of 
the stone, suppose water poured ^ at A turning of the 
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. ' * 

inrtramcbt will rase the water «until it flows out at 

the uppe^end. U the* end A ^e izoinersed in watery a ocmtinued 
stream will ascend and flow out* above. " 

Tradition assigns to Archim^es the credit of the in'tii^ti^n 
of this iiutruittent, and it is oert^ -that, its use dates at leatt as* 
far back as the time of Archimedes. It was employed in Egypt 
in draining the land .after an inundation of the Nile. 

The point B at wjiicb^ the stone will rest is not underneath 
the cylinder but on on^ side, the Asc^n^ng 
siilq, and between ^be middle and \|he 
^art of the surfac^of the cylinder; ''this ijan 
Be seen expenmetidallr. ' 

” a • 

Speaking ytrict^, the point B lies l^tween 
the lowest geno{tlCi|^ line of c^liuder, and* 
the generating hue which hes h^)^y betwe^ 
the highest and lowest generatin^sliiies. ^ 

The machine will ncfll^otMAloss the inclinatio]^!!^\he as^ia*^ 
of the cylinder to the vertrcaO^ greater 11^. the pitch of ^he ^ 
screw, i. e. the4n&hp«lipn of ^ thread ^Im^ew to a fSiiVmt|i; 
section of the eylindef. If, t^e izudn^l^Pjps lie equal, *tl^ poiot 
B IS on the bide of the <wlinaer, on. thes middlehue, 
and the* dcsccncfligg ‘^thlji&nt BT is directed downw^s\t 
other jloints. . To make^is clea|, take whira 

is a let the dotted jipe i-epresent a porao^* of, 

thread of a s^iow, ^p'b9ii%^)iho tani^t at Bj and 
cylinder roun^ BF^ wHh^ is sd^osod'^ h«riaontal| imSl 
is hoiizontaL the inclination onSho axis to the vertica4^S(l|tl)pnf 
equal to thwitch pf,ti^c bcrew, ^ 

Turn the qylihder further, screw mark the direo. 

tion of i^tulid, it IB an Archim^^es* screw, in'apositioa tp work 
freely in rpiainjg water. 

Th^ Piezxmcter. • 

In the Annates de Chimie tH, de Physique^ IxxT., I'Bp., a 
full accounts is given, by M. Grassi, ^ dxperihteuts with Ithis 
instrumeiit^'on tike compf'essibility or w^ter and some other 
liquids, and also ojf thb impressibility, of glass: 'these exp'eri- 
inents were a continuation of M. BegmLplt’ii on^^ coippiitsi* 
bility of water and merouiy. ' > V ' *y^ 

^he apparatus employed by M. Grassi is ideDticar«in prin* 
ciplo with the pezometer of the^text, but differs in details, lo 
one partioulsf point, tbh di^*^ence is of practical importancej 



» 
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** t/" 

Isitend of producing jireBsare by a acrew,* the presaiire oa the 
saiiace of tho water is produced by means of condensed air. The 
advantages gaiuei^ are that the pressure can be measured with 
greater precision, and that it can be adjusted more easily, and 
oha]:^ged more grtwluailly. 

The following are Grassi*s fimd conclusions with regard to 
water: 

(1) The compresnbility of distilled water, deprived of air, 
varies with the temperature, and diminishes as the temperature 
iuoresaA 

(2) For distilled water, the compression duo to one aUno- 
q)here is the same whatever be the pressure, provided the tern* 
peiathre remain constant. 

t 

EXAMPLES. 

' 41. If the receiver and the barrel of an air-pump are in the 
^ prc^ortion of 4 to 1, find how much has been pumped out at the 
end of the fifth stroke. 

V 2. How would the tension of the rope of a Diving-bell be 
affected by opening a bottle of soda-water in the bell t 

If P be the weight of a Diving-bdl, P' of a mass of water 
the bulk of which is e'qual to that of the material of the b^l, and 
IT of a mass of water the bulk of which is equal to that of the 
interior of the bell, prove that, supposing the bell to be too light 
jto sink^without force, it will ba*iu a position of unstable equi¬ 
librium, if pushed down until tfie pressure of the enclosed air is 
to that of the atmosphere m W U> P-r P\* . 

'^4. If a cylindrical Diving-bell, height 5 feet, be let down 
tin the. depth of ito top is 55 feet, find the space occupied by air, 
the water-barometer standing at 33 feet. 

Also find how much air must be forced in to expel the water 
completely. . * 

y5. After a very great number of strokes of tbe piston of 
an air-pump the mercuiy stands at 30 inches in the barometer- 
gauge, tbe capacity of the barrel being one-third that (d the 
receiver, prove that after 3 strokes the height of the mercuiy is 
veiy* nearly 12f inches. 

A fine tube of glass, dosed at the njqier end, is inverted 
and its open end is immersed in a basin of merouiy, within tbe 

* Bee AppettdlXfpbcsmid^ 4. 
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reoehrer of a oondenser; tbe length of the tabe ia 15 indieB, and 
% is observed that after 8 descents of the piston the merottiy has 
riato 5 inobes; how far will it have risen after four descents*? 

*7, If a < 7 lindrLcal diving-bell, whose oapacity is F onldo 

feel^ be sank to such a depth that the water stands at ~ th of 

its height, and be then lowered at the uniform rate of n feet 
per second, prove that the number of cubic feet of air at the 
atmospheric pressure which must be pumped iu per second in 
order that the water may always remain at the same height 

will be — ^ F, whmre h is the height of the water-baro¬ 

meter in feet. 

^8. The length of the lower pipe of a common pump above 
the surface of the water is 10 feet, and the area of the upper 
pipe is 4 times that of the lower: taking 33 feet as the height 
of the water-barometer, prove that if at the end of the first 
stroke the water just rise into the upper pipe, the length of the 
stroke must be very nearly 3 feet 7,inches.. 

If the receiver of an air-pump be over a'Buid, on which 
a solid is fioating, shew how to calculate the density of air iu 
the receiver after one stroke of the piston. ' 

SlO. A (^lindrical diving-bell, of height a, is furnished with 
a barometer and lowered into a fluid: the heights of the mer-j 
cury in the barometer before and after immersion being h and 
W respectively, shew that the depth of the bottom of the bell 

below the surface of the fluid is equal ^ 

dr is the specific gravity of mercury, and p that of the fluid. 

i 11. A bent tube, tbe aims of which are vertical, and wbidh 
is open at one end and closed at the other, is partially filled with 
mercury, the density of the air between the mercury and the 
closed end of the tube being initially equal to that of the ex< 
ternal air. If this tube be placed within the receiver of an air- 
pump, investigate a formula for determining tbe difference of 
of the mercury, in the two arms of the tube, after » 
BCrokM of the piston. 

* Take 30 inches as the height of the harometer. 


- ^), where 

a 
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/12. If the highest level to which the piston of ft common 
pomp ranges be below the spout^ find the greatest tension of the 
psatomrod. 

t 

^ 13. The valve in the piston of an air-pump being of given 
use and weight, find at what point of the descent the valve 
will be raised. 


^4. If h be the range of the piston of an lur-pnmp^ n its 
distance from the top of the barrdl in its highest position, its 
distance firom the bottom in its lowest position, and p the density 
of the atmosphere; prove that the limiting density of the aw 

€l8 

in tile receiver will be tt- , a P* 

ih+a){h+p)^ 


In the n + ll*** ascent of the piston of a Smeaton’s air- 
pump, find the position of the piston when the highest valve 
Xwhose weight ma}* be neglected) begins to open; and shew that 
then the tension of the piston rod : the pressure of the aimo* 

* sphere on the piston ;; 1 - s 1 “ 


^ Y ^ 
A+Bj A+B' 


16. A cylindrical diving-bell of internal volume v, is filled 
with air at atmospheric pressure II and absolute temperature t, 
and is lowered to a certain depth below the surface of water. 
Shew that if a small rise (s;) in the temperature and increase (y) 
in the atmospheric pressure now take place, the apparent 

ss 

weight of the bell wiU be unaltered provided 7 = ^* 1 ^ being 
the volume of the air in the belL 



CHAPTER VII. 


Method qf Determining Specific Gravities. Specific 
Gravities of Air and Water, the Hydrostatic Balame^ 
the Common Hydrometer, Sikes's, Nicluolson^s, and 
Hards Hydrometers, ike Stereometer. 


To compare the specific gravities of air and water, 

122. rpAKE a large flask, Trliicli can be completely 
JL closed by a stop-cock, and exhaust it by means 
of an air-pump. 

Weigl\ the flask, and then perbit the air to enter, and 
wbigh the flask again. Finally find the weight of the flask 
when filled with water. 

Let w be the weight of the exhausted flask, w\ wf' its 
weights when filled with ah' and water; 

/. weight of tho air contained by the flask, 

and .water. 

Uenco w'~w and w"—w being tho weights of equal 
volumes of air and water, 

specific gravity of water ; that of air :: vd'—w : «/—«?. 

In the same manner the specific gravity of any gas can 
be compared with that of water. 

The specific gravity of water at 20.5° is about 768 times 
that of air at 0° under the pressure of 29.9 inches of mercury 
at 0^^ 

To comy>are the specific gravities cf two fluids hy 
weighing the same volume qf each. 
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4 

Let w be the weight of a flask, vf its weight when 
filled with one fluid (A), and to" its weight when filled with 
the other fluid (B), 

Then 

v/ weight of the fluid A contained in the flask^ 

u/'-‘W= . B .; 

specific gravity of A : that of B :: 

If the flaak be not exhausted when its weight is determined, 
then, for strict accuracy, to must be diminished by the weight of 
the air which the flask contains. 

123. Tojind the spedjlc gravity of a solid broken into 
srnaU fragments. 

Put the broken pieces in a flask, fill the flask with 
water and let its weight be then let w be the weight 
of the flask when filled with water, and vf the weight of the 
solid in air. 

Then 

117 a weight of solid pieces-weight of the water 
they displace; 

a= to'—weight of water displaced; 

therefore 

. fo'+4r-'M/'=weight of water displaced, 

, specific gravity of solid _ «/ 

tliat of water ” ti/+w —txf*' 

If we take account of the air displaced by the solid, its real 
weight is greater than to' by the weight of air displaced. This 
weight must therefore be added to to'. 

The Hydrostaiie Balance. 

124. The hydrostatic balance is an ordinary balance, 

having one of the scale-pans smaller than the ^her, and 
at a less distance from the beam, so that weights imn^rsed 
in water may be suspended from it. , * 

The following cases are examples of its use. 
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(1) Tg compare the tpedJUi gramtm of a solid and a 
liquid. 

Let to be the weight of the solid in air. 



Place the liquid in a iresse], as in the figure, and suspend 
the solid from the scale-pan. 

Let to' bo tho weight of the solid in the liquid, 
to—to' is tho weight lost by the solid, and is therefore 
tho weight of tho liquid displaced by tho solid, Art. (39); 

and to, to—to' aro the weights of equal volumes of the 
solid and liquid. ' 

Ilonce, 

specific gravity of solid : that of liquid to ; to—to'. 

If we take account of the air displaced by tho solid, we must • 
add to w the weight of the air it displaces, since its true weight 
is diminished by exactly the weight of air. 

This remark applies also to the next two articles. 

125. We have tacitly supposed the solid to be specifically 
heavier than the liquid. If it be lighter it must be attached 
to a heavy body of sufficient size and weight to make the two 
together sink in the liquid. 

Let writhe weight of the solid in air, 

flsa^the weight in air of the heavy body attached 
to it, 

x'=:the weight in the liqifid of the heavy body, 
id'= 3 the wdght in the liquid of tho two together. 
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weight of liquid displaced by Uie two to* 
gether, since it is the weight lost, 
as-SC's, weight of liqiud diqdaced by the heavy body. 
Hence 

to'=weight of liquid displaced by the solid, 

... . specific gravity of solid v 

an er ore gravity of liquid lo+ao'-to'' 

126. (2) To compare Hie tpec^ gramtiee qf tw> 
liquids, 

Talse a solid which is specifically heavier than either 
liquid, and lot w be its weight in air. 

Let w '—weight of solid in one hqnid 

and td' =...the other liquid {S) ; 

fo—to'=weight of liquid A displaced by the solid, 

to—tp"=. B .; 

specific gravity of A : that of B :: w—u/ : tc—w". 


The Common BydromMer, 

t 

127. The common hydrometer consists of 
a straight stem ending in two hollow spheres 
B and C, 

This hydrometer is usually made of glass, 
and the sphere C is loaded so that the in¬ 
strument will float with the stem vertical 

When the hydrometer is immersed and 
allowed to float in a liquid, it displaces its 
own weight of the liquid, and by observing 
the positions of equilibrium in two liquids, 
the volumes displaced are inferred, and the 
specific gravities of the liquids can bo com¬ 
pared. 



Let K be the area of a section of the stemi^a the 
Tolome, and w the weight of the hydrometer. 

Suppose that when floating in a liquid (.4) the level Z> 
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of the Btem is in the sorface, and that in liquid (£) the 
level ^ is in the surface. 

Then, if / be the specific gravities of A and B re¬ 
spectively, 

w=8 (v—K .AD) 
and ,AE)\ 

8 fS-^K.AE 
''?~‘0‘-k.AD' 

Sikes's Hydrometer. 

128. This instrument differs from the 
common hydrometer in tho shape of the 
stem, which is a flat bar and yei 7 thin, so 
that it is exceedingly sensitive. It is gene¬ 
rally constructed of brass, and is accom¬ 
panied by a series of small weights jP, which 
can bo slipped over the stem above C7 so as 
to rest on C. 

The use of tho weights is to compensate 
for the great sensitiveness of the mstrument, 
which would without the weights render it 
applicable only to liquids of very nearly the 
same density. 

Suppose the instrument floating in a 
liquid {A)i with the level D of the stem in 
the surface, and that td is the weight on G. In a liquid {B) 
let JE^ be in the surface, and w'* the wei^t at C. 

Let w be the weight of the instrument, v its volume, 
K the section of the stem, tho volumes of vd, to", and 
dy d* the specific gravities of tho liquids. 

Then to+«/=weight of fluid A displaced, 
e+o'—jc..24i>=volume olA displaced; 
to+to'=«' ip-¥d~~K,AD), 

Similarly tlP+to"=<r''(e+p''—IC.-4-&); 

_ to + w/ v + d'—K.AE 

fo+tt/* v-¥d-~K,AD’ 



and therefore 
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If the liquid {S) he the standard liquid, tT^l, and 
the specific gravity of {A) is at once determined. 


Niehols(m*8 Hydrometer, 


129. The two hydrometers just described are used for 
comparing the specific gravities of fluids; Nichol¬ 
son’s hydrometer can be also employed in com¬ 
paring the specific gravities of a solid and a fluid. 

^ It consists of a h ollow vessel B. generally of 
) brass, supporting a cup ^ very thin stem, 
j which is often a steel wire, and having attached 
{to it a heavy cup C ; on the stem connecting A 
^and B a well-defined mark J) is made. 

We proceed to explain the use of the instru¬ 
ment in the two cases. 

(1) To compare Uis specific gramties of two 
liquids. 


If w be the weight of the hydrometer, w' the weight 
which must be placed in A in order to sink the instrument 
to the point 2> in a liquid of specific gravity /, and wf' the 
weight for a liquid of specific gravity the weights of the 
liquids displaced are respectively 


vc+'m/ and 


Thereforei, the volumes displaced being tho same, 

ic+wj' : v;+«c". 1 _ 

(2) To exmpdre the specify gravities of a solid and 
a liquid. 

Let w be the weight which, placed in A^ causes the 
instrument to sink to jD in the liquid. 

Place the solid in A, and let be the weight, placed in 
A, which sinks the instrument to D. 

Then place the solid in (7, and let the weight id*, 
placed in A^ sink the instrument to i>. , 

Hence weight of solid a to •cc', 

and its weight in the liquid 
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Henco the weight lost, which is the weight of the liquid 
di^luced by the solid,and 

spec, gravity of solid : that of liquid 

If we take account of the air, we must, as before, add to 
w~-v/ tlie weight of the air displaced by the solid. 


Hare*s Hydrometer* 


u£ 


B 


m 


yl30. This instrument is an application of the principle 
of tho barometer; it consists of two ver¬ 
tical ghvss tubes leading out of a hollow 
vessel A, which can be connected with an 
air-pump. 

B and O arc two cups in which the 
lower ends of the lubes are immersed, 
and wdiieh contain the two fluids to bo 
comi)ared. 

Let tho air in A be partially with¬ 
drawn, so tint its pressure is diminished 
from II the atmospheric pressure to II'. 

Then if 7>, £ bo the surflices of tho 
liquids in the tubes, and By G in the cups, 
and if p, p' be the specific gi'avitics, 

II — ir + ffp DFy and II - n'+ gp' EG; 

/. pDF=p'EGy 
and p : p'—EG : EE. 

There is no absolute necessity for an air-pump, as a 
partial vacuum may be obtained in several other ways. 



The Stereometer, 

•'ISl. Tho name stcreomoter* has been given to a 
modified form, by Professor Miller, of Say’s instrument for 
measuring tlio volumes of small solids. 

It consists of tw‘o glass tubes, PQ, DBy of equal dia- 
* Prof. Miller, PhiU Trans. Part m. 1836. 
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Stcreometer, 


meter, cemented into cylindrical cavities 
communicating with each other at their 
lower ends in a piece of iron G, 

Two apertures lead out of PQ and 
J)By the one, JT, stopped with a screw and 
the other, Z, having a stop-cock. 

The upper end of PQ opens into a 
cup Ff the rim of w^hich is ground plane, 
so that it can bo closed and made air¬ 
tight, by a plate of glass Z, smeared with 
lard. The tube PQ is graduated by lines 
traced on the glass, and measured down¬ 
wards from a fixed point P. 

The solid to be examined being placed 
in Ff mercury is poured into till its 
surface rises to P, and the cup is then 
closed by the plate of glass. 

The stop<:ock L is then opened and 
the mercury allovred to escape till the 
difference of the heights of the mercur}' 
in the tubes is nearly equal to half the 
height of the mercury in the barometer. 

Let M and G mark the height in the 
lubes; and let u bo the volume of the air 
in F before the solid was placed in it, t the volume of the 
solid, and h the height of the barometer. 

The pressure at C—ffph, 

and at M=gp 

/Hence, if Z' bo the section of either tube, since the 
volume varies inversely as the pressure, 

« - g + iT. PM 

apd v=u-—^' K.PM. 

MG 

The volume u can be found by a similar process, the cup 
F being empty, and K is found by weighing the mercury 
contained in a given length of the tube. 



K Ji 



Examination. Chapter VII. 131 

If the weight w of the solid » be determined, its spe¬ 
cific gravity s is given by the relation w=8v, 

132. The screw K is used in the process of finding K, To 
do this, the cup is taken off and the tube PQ, closed; the tubes are 
then inverted, the screw K taken out, and mercury is poured in 
through a slender glass tube inserted in K\ this precaution is 
taken in order to prevent the formation of air-bubbles in PQ. 

The end P is then opened and the mercury allowed to run 
into a glass jar in which it is weighed. 

A cubic inch of mercury at 16** weighs nearly 3429^ grains, 
and therefore if w be the weight of a column of mercury a 
inches in length, 

10=3429^. Aa, 

from which K is determined in square inches. 

Say’s instrument consisted of one tube PQ, the lower end 
being open, so that it could be immersed in a cylindrical vessel 
of mercury. 

The instrument was invented for the purpose of determining 
the specific gravity of gunpowder : it can be employed in finding 
the specific gravities of powders or soluble substances, for which 
the methods which require immersien in water are inapplicable. 

EXAMINATION UPON CHAPTEB VH. 

A SOLID, which is lighter than water, weighs 5Ibs., and 
when the solid is attached to a piece of metal, the whole weighs 
7 lbs. in water; the weight of the metal in*water being 9 lbs., 
compare the specific gravities of the solid and of water. 

n2. a solid weighing 25 lbs., weighs 16 lbs. in a liquid ii, 
and 18 lbs. in a liquid B\ compare the specific gravities of A 
and B. 

v8. The whole volume of a hydrometer is 5 cubic inches, 
and its stem is one-eighth of an inch in diameter; the hydro¬ 
meter floats in a liquid A with one inch of the stem above the 
surface, and in a liquid B with two inches above the surface; 
compare the specific gravities of A and B. 

v4. Describe the characteristic differences between Sikes’s, 
Nicholson’s, and the Common Hydrometer. 

v5. Describe the construction and use of the Stereometer. 

/6. What volume of cork, specific gravity .24, must be 


9—2 
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attached to 6 lbs. of iron^ specific gravity 7*6, in order that the 
tvhole may just float in water? 

V 7* A body weighs 250 grains in a vacuum, 40 grains in 
water and 50 grains in spirit; find the specific gravities of the 
body and of the opirit. 

8, A Sikes’s Hydrometer floats in water with a given 
length (a) of its stem not immersed; it is then placed in a 
liquid (A)f and when a weight w, volume i/, is placed on the 
lower end, it is found that the length of stem not immersed 
is the same as before; compare the specific gravity of with that 
of water. 

''9. If a piece of metal weigh in vacuum 200 grains more 
than in water, and 160 grains more than in spirit, what is the 
specific gravity of the spirit? 

^10. A piece of metal whose weight in water is 15 ounces is 
attached to a piece of wood, which weighs 20 ounces in vacuum, 
and the weight of the two in water is 10 ounces; find the 
specific gravity of the wood. 

4 

EXAMPLES. 

1. A PiBCB of wood, which weighs 57 lbs. in vacuo, is 
attached to a bar of silver weighing 42 lbs., and the two toge¬ 
ther weigh 38 lbs. in water; find the specific gravity of the 
wood, that of water being 1, and that of silver 10.5. 

* 2. The apparent weight of a sinker, weighed in water, is 
four times the weight in vacuum of a piece of a material, whose 
specific gravity is required; that of the sinker and the piece 
together is three times that weight. Shew tiiat the specific gra¬ 
vity of the material is .5. 

3. A hollow cubical metal box, the length of an edge of whidi 
is one inch and the thickness one-eighteenth of an inch, will just 
float in water, when a piece of cork, of which the volume is 
4.34 cubic iuches and the specific gravity .5, is attached to the 
bottom of it. Find the specific gravity of the metal. 

V 4. A crystal of salt weighs 6.3 grains in air; when co¬ 
vered with wax, the specific gravity of which is .96, the whole 
weighs 8.22 grains in air and 3.02 in water; find the specifio 
gravity of salt. 

•<5. A Nicholson’s Hydrometer weighs 6 oz., and it is requi¬ 
site to place weights of 1 oz. and 1^ oz. in the uppw oup to 
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smk the instrument to the same point in two different liquids; 
compare the specifio gravities of the liquids. 

6 . With the same hydrometer it is found that when a cer* 
tain solid is placed in the upper cup a weight of oz. must be 
placed in the upper cup to sink the instrument in a liquid to a 
given depth; and that, when the solid is placed in the lower 
cup, a weight of S oz. must be placed in the upper cup to sink 
the instrument to the same depth ; compare the specific gravities 
of the solid and the liquid, the weight of the solid being 2 oz. 

«/7. A ring consists of gold, a diamond, and two equal rubies, 
it weighs 44| grains, and in water 884 grains ; when one ruby is 
taken out it weighs 2 grains less in water. Find the weight of 
the diamond, the specific gravity of gold being of diamond 
3|, of ruby 3. * ' . 


^ 8 . If the price of pure whiskey be 10^. per gallon, and its 
specific gravity be . 7 o, what should be the price of a mixture of 
whiskey and w^ator, wdiich on gauging is fouud to be of specifio 
gravity . 8 , the specific gravity of water being 1 ? .S 


^ 9. Supposing some light material, whose density is p, to be 
weighed by means of weights of {density p\ the density of the 
atmosphere when the barometer stands at 30 inches being unity; 
shew that, if the mercury in the barometer fall one inch, the 

p' — n 

material will appear to be altered by j .,. 7 . 7 —of its 
“ (p-1) (30p'-29) 

former weight. Will it appear to weigh more or less? ^ ^ 


VlO. A heavy bottle is filled with a fluid A and weighed in each 
of two other fluids B, C, the apparent weights being A^, At \ it is 
then filled with the fluid B and weighed in O and A , the apparent 
weights being B^ B ^; lastly it is filled with fluid C and weighed 
in the fluids A and Sf the apparent weights being {7., : shew 

that 

A+0*. , 
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Mixture of Gases. 

133. TF two liquids arc mixed together iu a Ycssel, and 
X if the vessel is left at rest, the two liquids, pro¬ 
vided they do not act chemically on each other, will gra¬ 
dually separate and finally attain equilibrium with the 
heavier liquid lowest, and the lighter liquid superposed 
upon it. But if two gases are placed in communication 
with each other, even if the heavier gas bo below the 
other, they will rapidly intermingle until the proportion 
of the two gases is the same throughout, and the greater 
the difference of density the more rapidly will the mixture 
be formed. 

Take two different gases, having the same temperature 
and pressure, and contained iu separate vessels; open a 
communication l^ween the vessels, and it will be found 
that, unless a chemical action take place, the pressure of 
the mkturo will be the same as before, provided the 
temperature be the same. 

*We can hence deduce the foUowing proposition; 

Jf two gases having the same temperature be mixed 
togUher in a vessd of volume V, and if the pressures of 
the gases when respectively contained in V, at the same 
temperature he p and p', the pressure of the mixture will 
he p+p'. 
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Suppose the gases separate j change the volume of the 
gas, of which the pressure is p'^ without change of tom- 
perature, until its pressure is jt)*; its volume will then be 

r, by Mariotto’s Law. 

Now mix the two gases without change of volume, so 

that the volume of the mixture is P+~ V.ov V\ 

p * p 

by the preceding experimental fact, the pressure of the 
mixture will be still 

Compress the mixture till its volume is Vy and when 
the temperature is the same as before, the pressure, which 
varies inversely as the volume, will bejo 

This result is equally true of the mixture of any number 
of gases. 

134. Two rolumesy V, V', of different gases at the 
respective pressures p, p', are mixed together in a vessel 
of volume U; it is required to find the pressure. 

Change the volume of each gas' to U; their pressures 
will be respectively 

V V* 

tjp, -fjp', 

and therefore the pressure (ex) of the mixture will bo 

V r , 

uP+'CP- 

Hence vTU'=pV+p'y\ 

In Art. (133) wo have assumed that Mariotte’s law is 
true of a gas formed by the mixture of two gases; this 
can be sIicwti by direct experiment, but is in fact already 
proved ill one case, by the original experiment with atmo¬ 
spheric air, which is itself composed of several different 
gases. Moreover, the results of the two preceding propo¬ 
sitions are borne out by facts. 

Fapours. 

136. The term vapour is applied to those gaseous 
bodies, such- as steam, which can be liquefied at ordinary 
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pressures and temperatures. There is no difference be¬ 
tween the mechanical qualities, as distinguished from the 
chemical qualities, of vapours and gases, the laws already 
stated of gases being equally true of vapours within cer¬ 
tain ranges of temperature. In fact, there is every reason 
to believe that all gases are the vapours of certain liquids, 
but those which ar9 looked upon as permanent gases 
require the application of extreme cold and of very great 
pressure to reduce them to a liquid form. 

Professor Faraday found that carbonic acid, at the 
temperature — 11°, was liquefied by a pressure of 20 atmo¬ 
spheres^, but that, at the temperature 0", a pressure of 
36 atmospheres was required to produce condensation. 

In 1877) M. Pictet succeeded in liquefying oxygen 
by subjecting it to a pressure of 300 atmospheres, and, 
at the end of the same year, M. Gailletct effected the 
liquefaction of nitrogen, atmospheric air, and hydrogen. 

136. Formation of vapour. If water be introduced 
into a space containing dry air, vapour is immediately 
farmed, and if the quantity of water bo small, and the 
temperature high, the whole of the water will bo rapidly 
converted into vapour, and in all cases tho pressure of the 
air will be increased by the pressure due to tho vapour 
thus formed. 

An increase of temperature, or an enlargement of tlio 
space, increases the amount of vapour as long as the sup* 
ply of water remains j but if the water bo removed, an 
increase of temperature changes the pressure of the vapour 
in accordance with the general law which regulates the 
connection between pressure and temperature. 

The formation of vapour docs not in any way depend 
upon tho presence of air or upon its density, the only 
effect which the a|r produces being a retardation of the 
time in which the vapour is formed. If water bo intro¬ 
duced into a vacuum, it is instantaneously filled with va¬ 
pour, but the quantity of vapour is tho same as if the space 
had been originally filled with air. 

SaturcUion. As long as the supply of water remains 

* An atmosphere denotes the pressure due to a column of mercury 2819 
Indies in heighL 
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as a source from which vapour can be prod^iced, any given 
space will bo always saturated witli vapour, that is, will 
contain the maximum quantity of vapour for any temper¬ 
ature; but if the temperature be lowered, a portion of 
the vapour will bo immediately condensed, and become 
visible in the form of liquid. 

The quantity of vapour by which any given space is 
saturated is proportional to the space for any given tem¬ 
perature; it follows that the pressure, or elastic force, of 
the vapour is independent of the space it saturates, and 
depends only on the temperature. No definite law has 
been discovered connecting the temperature and the elastic 
force of vapour, but tables have been formed and empi¬ 
rical formula} constructed for certain ranges of tempera¬ 
ture. 

137. The laws of the mixture of gases are equally true 
of the mixture of vapours with each other, or of vapours 
with gases, provided no condensation take place; or, if 
any condensation should take place, provided a proper 
allow^ance be made for the loss of pi'essurc incun’ed. 

Thus all atmospheric air contains more or less aqueous 
vapour, and if p bo the pressure of dry air and w of the 
vapour 111 the atmosphere at any time, the actual atmo¬ 
spheric pressure is ;; + ct. 

i;}8. Uaviny yivtn the presmrea of a volume V of atmo¬ 
spheric air, and of the vapour it contains, to find the volume of 
the air without its vapour at the same pressure and temperature. 

Let 11 be the atmospheric pressure, and vs that of the va¬ 


pour. 

Then II - ‘27 is the pressure of the air alone when its volume 
is F; 

Hence its volume at a pressure 11=— V, 


139. Saving given the volume Y of a dry gas at a given 
temperature under a pressure p, to find its volume under the same 
pressure, when saturated with vapour. 

Let ‘S7 be the pressure of the vapour. 

Then the gas must be allowed to expand until its pressure 
is p —'Cr, the supply of vapour being kept up. The pressure of 

the mixture is then p, and the volume will be ^ — T* 
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X40. A ge^ contained in a closed vessel of volume V is in 
intact foith water^ and its pressure at the temperature t i« p; 
is required to determine its pressure when V is changed to V' and 
t tot'. 

Let Tff and tff' be the pressures of the vapour at the tempera¬ 
tures t and d respectively, and p' the required pressure. 

Thenp - -sr and p' -•er are the pressures of the gas alone, 
under the two sets of conditions stated. 

Hence^ if p, p' be the densities of the gas, 
p - -cr = »cp (1 + at), 
p'-‘Sr'=Kp'(l+aO, 
also pF=p'F'; 

• y -J®'' F 1 + at' * 

’ * p-W “ F'T+at ' 
whence p' is determined. 

If (T^ be the densities of vapour under the two conditions, 

_ (r'(l+ttt' ) 

-or (T (1 + at) * 

and combining the two equations, 

p'-nr ' -BT _ TV 
p - -BT ■ ut' “ FV' ’ 

Vo' pnf - Br-CT 
T<r p'bt—B rar' 

If pBr'>p'Br, FV will exceed Vo; i. e. more vapour will 
have been absorbed by the gas, but if pur' < p'bt, then F'<r 
will be less than TV, and tho gas must therefore, in changing 
its volume and temperature, have lost a portion of its vapour. 

• 

Radiaiim, Conduction^ and Convection of Heat, 

141. Radiation. AH bodies give oflF heat from their 
surfaces by what is called rtidiation, and receive heat by 
radiation from other bodies. If two bodies at diScrent 
temperatures are placed near each other, it is an experi- 
mcuthl fact that the temperature of ono will rise, and of 
the other diminish until they are both the same. 

In a sinlilar manner, if a l>ody is placed in a confined 
space, the temperature of tho body and of the boundary 
of tbe space will gradually approximate, tho one increasing 
and the other decreasing till they are the same. 
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Difference qf radiating power. Some bodies radiate 
heat more freely than others, and the difference appears 
to depend in groat measure on the nature of the surfaces. 
Thus the leaves of trees and woollen substances radiate 
heat freely and rapidly, while the radiation from a polished 
metal surface is very slight. 

Generally if the reflecting power of a surface be in¬ 
creased its radiating power is diminished. 

142. Conduction and convection. There are two 
other modes of transference of heat from one body to an¬ 
other. Conduction is the term applied to the transfer¬ 
ence of heat by c^tact, heat being transmitted through 
the successive particles of a body, or from one body to 
another in contact with it. Convection is the actual trans- 
fcronco of heat by tho motion of fluids or other bodies 
from one position to another j tho heat thus conveyed 
away from or»e body may be imparted by contact or radia¬ 
tion from the conveying body to any otbor. 

Thus tho luindlo of a i)okor, inserted in the fire, is 
heated l)y conduction, and iii the process of w'.arming 
r .‘ins by hot air or hot-water pipes the heat is obtained by 
convection. 

There are great differences In the conducting powers 
of different bodies; liquids generally are w^cak conductors, 
but metallic substances have large conducting powers. 

The cold felt in phicing the hand on a marble mantel¬ 
piece is an instance of conduction, the heat being trans¬ 
ferred from tho hand to tho marble. 

Woollen substances, glass, and wood, conduct heat very 
slowly, and this fact is practically taken advantage of in 
many ways. A heated body rolled up in a woollen cloth 
may bo kept hot for a long time, and ice in a wooden pail, 
wrapped round with a cloth, will dissolve very slowly, even 
in a warm room. 

Another instance of a body with very small conducting 
power is sand; heat is transferred through it so slowly 
that red-hot shot can be safely carried about in wooden 
barrows filled with sand. 

One of tho many useful applications of tho non-con- 
ducting powers of certain substances is in tho construe- 



140 Dew and Hoar Frost, 

tion of Fire-proof Safes; a safe of this kind is simply an 
iron box enclosed within another somewhat larger, the 
space between being filled- up with some non-conducting 
substance. 

143. The explanations above given of the saturating 
'density of vapour, and of the radiation of heat, will enable 
us to account for many of the ordinary meteorological 
phenomena, such as the formation of dew, and the of 
rain and snow. 

Formation of Dew, Any portion of atmospheric air 
contains vapour in a greater or less degree, and may be 
saturated with it; if so, the slightest 4iifii.ll of temperature 
will produce condensation. If any solid in contact witli 
the atmosphere bo cooled down until its temperature is 
below that wdiich corresponds to the saturation of the .air 
around it, condensation will take place, and the condensed 
vapour will be deposited in the form of dew upon the sur¬ 
face of the body. 

This accounts for the dew with whicli tho gi'ound is 
covered after a clear niglit. 

Heat radiates from the ground, and from tho bodies 
upon it, and imlcss there are clouds from which the heat 
would be radiated back, tho surfaces are cooled and the 
vapour in the stratum of tho atmosphere immediately 
above condenses and falls in small drops of water on tho 
surface. Any kind of covering will more or less prevent 
the formation of dew beneath; vei 7 little dew, for instance, 
will be found under the sliodo of large trees. It will bo 
seen moreover that good radiators are most abundantly 
covered with dew, very smooth surfaces being almost en¬ 
tirely free from it. This is in accordance with the facts 
stated above of the radiation of heat. 

Hoar Frost, If after the deposition of dew tho tem¬ 
perature fall below the freezing point, tho dew is then 
frozen and becomes hoar frost. 

The fogs seen at night on low lying or marshy lands 
are due to the same cause. The air is charged with 
moisture to saturation, and tlie cooling of the surface ex ¬ 
tends sometimes through tliree or four feet of the atmo- 
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sphere, producing a thick fog close to the ground, while 
de air above is quite clear. 

144. Clouds and Rain. Clouds are formed by the 
Condensation of the vapour in the upper regions of the 
atmosphere. The reduction of temperature requisite for 
condensation may occur from several different causes; a 
mass of air and vapoi^r in motion may rise into a colder 
region or may come into contact with a larger mass of 
colder air, so that when the two are mingled together the 
temperature may not bo sufficient to maintaiu the el^ti- 
city of the vapour. 

The fact that the clouds remain suspended may be ex¬ 
plained in various ,way8. It seems highly probable that in 
tho process of condensation tiie vapour assumes the form 
of small vesicles of water containing air, and therefore not 
nccessaiily of greater specific gravity than the medium in 
which they are formed. Or, again, if tho particles do de¬ 
scend, they may, as they fall into a space in which tho 
temperature is higher, bo gradually absorbed, and if now 
vapour bo formed above, the appearance of a stationary 
cloud would consist with tho fact of a continuous fall in 
the constituent particles of the cloud itself. 

The cloud whicli is often seen about the top of a 
mountain is not unfrcqueiitly oIT this kind. A mass of 
warm air charged with moisture travels past a mountain, 
and by contact with it condensation is caused in that 
portion which is near to the mountain. As the condensed 
vapour is drifted away, it is again absorbed by the warm 
air around it, and .thus tlio apparently* fixed cloud merely 
represents a state through which tlie warm air passes, and 
from which it emerges. 

If a cloud be very highly charged with moisture, and a 
furiJicr reduction of temperature take place, the vapour 
condenses still farther into small drops, and descends in 
the form of rain, 

145. When vapour is being condensed, if the temper¬ 
ature fall below the freezing point, snow is fonned; and 
if rain as it falls^ pass through a region of the air in which 
the temperature is below the freezing point, the drops of 
rain are congealed and descend in the fonn of hail. 
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Foge and mUte are cloudy formed near tlie earth’s 
surface and in contact with it The light summer rain 
which sometimes falls about sunrise or sunset witiiout the 
appearance of a cloud is duo to the same cause, the air 
becoming suddenly colder, and the vapour in consequence 
being rapidly condensed. 

146. JUmtraiion, The phenomena of dew and hoar 
frost may bo obtained on a small scale by simply putting 
ice into a glass of water. The outside of the glass will 
soon be covered with a delicate dew, which after a short 
time freezes, and the glass is then covered with hoar frost 

The explanations of the preceding articles will enable 
an observer to account for most of the phenomena which 
depend on the existence of aqueous vai)our in the atmo¬ 
sphere. 

147. Sea and land breezes. Winds are partly due to 
changes of temperature; if, for instance, the air in the 
neighbourhood of any particular region become heated, it 
will expand and rise, its place being filled by air from 
other regions, and hence a wind towards 'the heated 
r^ion. 

In hot countries on the searcoast it is noticed that 
during the day tlie wind in general blows from the sea, 
and during the night from the land. Daring the day the 
land becomes heated and retains heat; hence the air above 
it rises, and the cooler air flows in from the sea. But 
during the night the land cools by radiation while the 
temperature of the sea remains nearly the same; hence 
the land breeze. 


Dew-Point and Hygrometers. 

148. The Dew-point is the temperature at which the 
vapour in the atmosphere begins to condense. 

To determine t^ dew-point a glass vessel must be 
cooled until dew begins to be deposited upon it, and its 
temperature must be then observed; again, observe the 
temperature at which the dew disappears; a mean be* 
tween the two may be taken as the dew-point. 
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149. Tension of vapour in the air. If the dew-point 
be ascertained we can infer the pressure of the vapour in 
tho air by means of tho tables More referred to of the 
relation between the temperature and the saturatui^ den¬ 
sity. 

For if f be the dew-point, and cr' the corresponding 
pressure, t the temperature of the air, and ur the required 
pressure, 

: tB-' :: 1’ + ai : 1 + 

and, tho pressure being known, the quantity of vapour in 
tho atmosphere can be determined. 

160. Hygrometers are instruments for determining 
Uie quantity of vapour in the atmosphere, or, in other 
words, thp degree of saturation. 

This is measured by the ratio of the tension of the 
vapour in tho air to the saturating tension. 

Thus if, in the Case of Art. (137), bo the saturating 

tET 

tension at the temperature t, — 7 , is the measure required. 

w 

Hygrometers may be constructed of any substance 
which is affected by tho amount of moisture in the air, 
such as a piece of cord which elongates as the quantity of 
vapour in the air diminishes, or a piece of seaweed, which 
is exceedingly sensitive to hygromctric changes in the 
atmosphere. 

One of tho hygrometers most m use is the and 
dry bulb Thermometer, It consists of two mercurial 
thermometers near each other, one of wliich is covered 
with muslin, and kept constantly wot by letting a portion 
of tho muslin drop in a cup of water. The moisture from 
the muslin evaporates, and, as evaporation is always ac¬ 
companied by cooling, the wet bulb thermometer falls, 
and, the drier the air is, the greater will be the difference 
between the two thonnometers. Empirical formulae and 
tables have been constructed by means of which the ten- < 
sion of the vapour can be inferred ffrom the readings of 
the thermometers^. 

• See Mr GMsher’a pamphlet On the Wet and Drjf Bulb Themmeter. 
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The direct determination of the dew-point is a trou¬ 
blesome process, and the quantity of vapour in the air is 
most easily found by means of tho hygrometer just de¬ 
scribed, and its accompanying tables. 

Dilaiaiion of Liquids. 

151. In general, all solid and liquid bodies expand 
tmder the action of heat, and contract when heat is with¬ 
drawn. We have bofofe had occasion to tako account of 
the expansion of mercury, which is withjn certain limits 
proportional to the increase of temperature. This is also 
the case with solid bodies, such as glass and steel. 

For water and aqueous liquids generally, tho law of 
expansion is unknown; tho rate of expansion is not con¬ 
stant for a constant increase of temperature, but beyond a 
certain limit becomes more rapid as the temperature rises. 

Maximum density qf teater. It is a remarkable pro¬ 
perty of water that its density is a maximum at a tempera¬ 
ture of about 4®C. or 40” F., and whether ^ic tenipcni- 
ture increases or decreases from , this point, tho water ex¬ 
pands in volume. 

152. Freezing. When the temperature descends to 
the freezing-point, a still further expansion takes place at 
tho moment of congelation. This is sufficiently proved by 
the fact that ice f oats in water, but it may also bo ren¬ 
dered very distinctly evident by a direct experiment. 
Fill a small iron shell with water, and close the aperture 
with a wooden plug; if tho shell bo tlien exposed to a 
freezing temperature, the w'ater within will* freeze, and at 
the instant of eongelation, tho plug will be shot out with 
considerable violqnce*. 

153. 'Formalion of ice on the surface of a lake. It 
is known that ice is formed much more rapidly on tlie 
surface of shallow than on tho surface of deep water; and 
this* fact wo can now account for. As the air coolii, the 

* The results of Playfidr and Joule give 8‘.946 CL as the temperature at 
which the deQait;' is a maximum. Prof. Miller, Phil. Transaciiont, 1866L 
The temperatures at which liquids freeze vo different fur different liquids, 
hut fixed for each liquid. Thus mercury freezes at a temperature -40* CL 
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water at the snrBice cools, and being contracted becomes 
heavier than the water beneath. The suri^e strata ihen 
descend, and the water from beneath rises and becomes 
cooled in its turn, and this process will go on untU the 
whole of the water has attained its maximum density, 
after which it will remain stationary, and the upper strata 
being further cooled will expand and finally congeal. It 
is clear that the deeper the water is the longer will be 
the time which elapses before the whole of the water has 
attained its maximum density. 

154. EbuMition. When heat is applied to water, it 
expands gradually until, at a certain temperature, babbles 
are formed and steam is given off. 

This temperature is the boiling-point, and it has been 
mentioned before that it depends upon the atmospheric 
pressure. 

The bubbles are first formed by the expansion of the 
air which water contains. If water be heated from below, 
tho lower strata expand and rise, the upper strata de¬ 
scending and becoming heated in succession, and air-bub- 
blos ascend. As the temperature increases, small bubbles 
of vapour ascend, but do not always reaclf the surface, as 
they may be condensed in the l^ss heated strata above. 
Finally, larger bubbles are formed, and, the whole mass 
being heated, ascend to the surface and give off steam, 
which becomes visible by a slight condensation in the air 
above. 

These bubbles are formed when the tension of their 
vai>our is equ.al to the pressure they sustain, and this ex¬ 
plains why a diminution of atmospheric pressure permits 
the process of ebullition at a lower temperature; and, on 
the other hand, that an increase of atu^pheric pressure 
raises the temperature of ebullition. ^ 

For instance, under a pressure of two atmosphere^ 
the boiling-point is raised 20^ C., and, if the atmospheric 
pressure Ira diminished one-half, the boiling-point is lower¬ 
ed about 18^ 

This accounts for the ihet that water boils at a low 
temperature on the tops of mountaini^ and on high table* 
lands. 

S* H* 


10 
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Specific Heait, 

155. It is found that a certain quantity of heat must 
be expended in order to raise the temperature of a mass 
of any substance by a given amount. The requisite quan* 
tity of heat depend on the nature of the substance and 
also on its mass, and for any particular substance it may 
be at once assumed that the quantity of heat required 
to raise the temperature one degree is directly propoHional 
to the mass of the substance. 

In general, the amount of heat required to change the 
temperature of a given mass from 1f^ to (^+1)^ is the same 
for all values of t 

Hence for the same substance the quantity of heat ex¬ 
pended in changing the temperature from 

(c f when j^e mass is given, 
and Qc the mass when ^ is given, 

and therefore generally oc if m be the mass. 

If this be taken equal to c is called the spe¬ 

cific heat of the substance, and it is the measure of the 
amount of heat which will raise by 1*^ the temperature of 
the unit of ma8|. 

If two masses m,m',of the same substance, at tempera¬ 
tures ty f, bo mixed together, and if r be the tempera¬ 
ture of the mixture, then, since the amount of heat lost by 
one is gained by the other, 

mr= 

or mt + »tT ={m + m!) r. 

156. For different substances the quantity e has dif¬ 
ferent values; thus it is found that water requires about 
28 times as much heat as mercury in order to change the 
temperature by a given amomit, and the specific beat of 
mercury is theremre less than that of water in the ratio of 
1 : 28. 

The specific heat of a gas must be considered from two 
different points of view, for we may suppose the vdlume of 
a gas constant, and investigate the amount of heat required 
to raise the temperature 1^, or we may suppose the pres¬ 
sure constant, the latter supposition permitting the expan¬ 
sion of the gas. 
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The specific heat in the second case exceeds the specific 
heat in first case by tlie amount of heat disengaged 
when the gas is suddenly compressed into its original 
Yolume. 

157* The spedfic beat of water is usually taken as the unit, 
and one of the methods of finding the specific beat of a sub* 
stance is by immersing it in a given weight of water, and ob¬ 
serving the temperature attained by the two substances. 

Thus, if be the mass of a body, T its temperature, and C 
Hs specific heat, 

m' and m, the masses of a vessel and of the water in i^ and 
t their common temperature, 

r the temperature of the whole after immersion, and Cf the 
specific heat of the vessel, 

CM {T- T)=m (r - 1) + Cm’ (t - <), 

since the quantity of heat lost by the body is equal to that 
gained by the water .and the vessel. 

If C bo known, this equation determines 0; and C, if un¬ 
known, can be found by pouring water of a known temperature 
into tho vessel at some other known temperature. ^ 

The following are approximate values of the specific heats of 


a few substances. 

Water.'.1. 

Q^hermometer-glass... . 198 

Iron.114 

Zinc.1 

Mercury.03 

Silver.06 

Brass.09. 


EXAMINATION ON CHAPTER YUL 

1. A cuBio foot of air having a presSure of 15 lbs. on a 
square inch is mixed with a cubic inch of compressed air, having 
a pressure of 60 lbs. on a square inch; find pressure of the 
mixture, when its volume is 1729 cubic inches. 

2. State the conditions under which a space is saturated 
with vapour. 

3. A vessel of water is left in a close room for some time; 
what would be the effect of bringing a quantity of ice into the 
room? 


10—2 
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4. Explain the radiation, conduction, and conTection of 
heat. 'Why is a cloudy sky not favourable to the Reposition of 
dew! 

5. How do yon account for the long trail of condensed 
steam which often follows a locomotive in rainy weather! 

6. Define the Dew-point, and explain the use of the Wet 

and Dry Bulb Thermometer. ^ 

7. Explain why it is difficult to heat water from its upper 
surface. 

8. If a piece of ice be put into a glass of water, the ex¬ 
ternal surface is soon covered with a fine dew; account for this 
fact. 

9. Explain what is meant by Specific Heat. 

Three gallons of water at 45*^ are mixed with six gallons al^ 
90^; what is the temperature of the mixture! 

10. At great altitudes it is sometimes found that a sensation 
of discomfort is felt; the lips crack and the skin of the hands is 
roughened; how do you account for these facta! 

Can you give any reason why an east wind in England some- 
tin|eB produces eimilar effects! 

EXAMPL£a 

1. Two volumes F, V' of different gases, at pressures _p, 
and temperature J are mixed together; the volume of the mix¬ 
ture is U, and itrtemperature f, determine the pressure. 

2. Two vessels contain air having the same temperature 
but different pressures j), p'; the temperature of each being in¬ 
creased by the same quantity, find which has its pressure most 
increased. 

If the vessels be of the same size, and be allowed to commu¬ 
nicate with each otha, find the pi’essure of the mixture at a 
temperature zero. 

3i A glass vessel weighing 1 lb. contains 6 oz. of water, 
lK)th at 20®, and 2 oz^ of iron at 100® is immersed; what is the 
temperature of the whole^ taking .2 as the specific heat of glass 
and .12 of iron! 

4. A-n ounce of iron at 120®, and 2 oz. of zinc at 90® are 
thrown into 6 oz. of water at 10® contained in a glass vessel 
weighing 10 oz.; what is the final temperature, taking .1 and 
.12 as the specific heats of adnc and iron! 
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The pressure of a quantity of air, saturated with vapour, 
is observed; the mixture is then compressed into half its former 
volume, and, after the temperature has been lowered until it 
becomes the same as at first, the pressure is again observed; 
hence find what would be the pressure of tlie air (occupying its 
original space) if it were deprived of its vapour without having 
its temperature chang<il. 

6. It is related of a place in Norway that a window of a 
ball-room being suddenly thrown open, a shower of snow imme¬ 
diately fell over the whole of the room. Account for this phe¬ 
nomenon. * 


7. A drop of water is introduced into the tube of a common 
barometer which just does not evaporate at the higher of the 
^mperalures <3®. 

Given that the elasticity of vapour increases geometrically 
as the temperature increases arithmetically, shew that if jS*,, 
be the errors of the above barometer at temperatures tj®, <a®, 
the common ratio of the geometric progression hw an increase of 
temperature of 1® in the case of vapour of water is 


^ 1 (1 , 

(l-c<3)S ' 

e being tbe coefficient of expansion fqr mercury. 


S. A closed cylinder contains a piston moveable by means 
of a rod passing through an air-tight collar a4 the top of the 
cylinder. The piston is held at a distauce from the bottom of 
the cylinder equal to one-third of its height, and vapour is intro¬ 
duced above and below of a known pressure, the temperature 
of the cylinder being such as will support vapour of twice the 
density without condensation. The piston on being left to itself 
sinks through two-ninths of the height of the cylinder. Prove 
that the weight of the piston is five-fourths of the pressure of 
the vapour upon either side at first. * 

9. A flask is partially filled with water which is caused to 
boil until the air is expelled, and then the fiask is corked and 
allowed for a short time to cool. The flask is then placed in cold 
water, and it is found that the water in it recommences boiling. 
Explfdn this phenomenon. 



CHAPTER IX. 

Rotating Liquid. 


158. T^HEN liquid in a vessel is sot rotating, it is 
• known that the surface assumes a hollow form; 
by the help of a dynamical law we can determine what this 
form is. 

If a liquidf contained in a vessel which rotates uni¬ 
formly about a vertical axis^ rotates uniformly, as if rigidf 
with the vessd, its surface is a paraboloid. 

Every particle of the liquid moves uniformly in a hori¬ 
zontal circle, and therefore whatever the forces may bo 
which act on any particle, their resultant must bo a hori¬ 
zontal force tiinding to the centre of the circle and equal 
to muV, where r is the distance of the particle from the 
axis, m its mass, and u the angular force of the liquid*. 

Since there is no relative displacement of the molecnles 
of the liquid, we can imagine that it has no rotation, and is 
in equilibrium under the action of gravity and of the 
imaginary force mta'r all acting outwards. 

We assume from symmetry that the surface is a surface 
of revolutioa 

Let AG ho the vertical axis of revo¬ 
lution, and consider a point P on the 
surface. Round ^ as centre describe a 
very small circl* and take this small 
circular area as the base of a very thin 
circular cylinder of liquid. 

If m bo the mam of the element of 
liquid, thus imaginea, it is in equilibrium 
under the action of gravity, of mcoV 
outwards, of the atmospheric pressure on 
its surface^ of the liquid pressure on its 

* See Oarnett'e Dynamfet, or Parklneon't iHfecAanieft 
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inside flat end, and of the liquid pressures on its cunred 
surface. 

These latter pressures, being equal to the atmospheric 
pressure, are of themselves in equilibrium, and it therefore 
follows that the resultant of gravity, mg, and of the force 
must be norm^ to the surface*. 

Let the normal at P meet the axis in and draw PN 
horizontal 

Then two forces acting in directions of the lines 
P6r, GN have their resultant, which is ma^PN, in the 
direction PNf and therefore by the triangle of forces, 

NG : PN . mg : m®®PiV, 

and 

» 

Now NG is the subnormal, and it is known that in a 
parabola the subnomial is constant, while it can also be 
shewn that tlie parabola is the only curve which has this 
property. 

The vertical section in the figure is therefore a parabola 
the latns rectum of which is and the surface is a 

paraboloid. ( 

It will be seen that this result is independent of the 
form of the containing vessel The axis of rotation, in fact, 
may be within or without the fluid, but in any case it wiU 
be the axis of the paraboloidal surface. 

If the vessel were a surface of revolution, having the 
axis of rotation for its axis, it would not be necessary theo¬ 
retically that the vessel should rotate. However, by mak¬ 
ing. it rotate with the liquid, we get rid of tho practical 
difllculty which would in this case arisq^from the friction 
between the fluid and the surface of the vessel 

To find the pressure at any point. 

Take any point >Q in the fluid, |nd de^ribe a small 
vertical prism having Q in its base, which is to be taken 
horizontsl 

'* A particular case of the general theorem that, In fluids at rest under onj 
forces, the resultant force at any point is normal, at that point, to the surfiMe of 
equal pressure pasdng tbrouKb IL 
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The prism PQ of liquid rotates uniformly under the 
action of the pressure around it, 
but its weight is entirely sup* 
ported by the pressure on its 
base. 

Hence if p be the pressure, 
and p the density, 

p^gpPQ, 

Now 

P^=OiI-ON=.'^^-ON, 

and =p Q <o^QN^-gON^ j 

and we thus obtain the pressure in terms of the horizontal 
and vertical distances from the vertex of the paraboloid. 

It must be observed that ON is measured upwards 
and that if Q be lower than O, the equation for p is 

p=pi^«?QN*+gON\. 

« 

160. To find tfte resultant vertical pressure of a 
rotating liquid on any surface. 

Let PQ be tlie surface, and draw vertical lines from 
its boundary to the surface; then the weight of the in- 



P 


eluded portion PABQ of liquid being entirely supported 
by PQ, it follows that the resultant verticid pressure on 
PQ is equal to the weight of the liquid above it 

If the surface PQ be pressed upwards, as in the figure, 
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then, continuing the free surface AOP of the liquid, it 
can bo'shewn, as in Art (52), that 
the resultant vertical pressure up¬ 
wards on PQ is equal to the 
weight of the fluid which would 
be contained between the para¬ 
boloidal surface, tho surface PQ^ 
and vertical lines through the 
boundary of PQ. 

161. Dbp. a surface of equal pressure is the locus of 
points at which the pressures are the same. 

If lines be drawn vertically downwards from all points 
of the surface equal to PQ (fig. Art. 169), it is clear that 
the pressures at their ends will be the same as at Q; and, 
as these ends lie on the surface of a paraboloid equal to 
the surface paraboloid, it follows that all surfaces of equal 
pressure are in this case paraboloids. 

1G2. Floating bodies. If a body float in a rotating 
mass of fluid, in a position of relative equilibrium, it is 
evident by the same reasoning, as in the case of a fluid at 
rest, that tho weight of the body must be equal to the 
weight of the fluid displaced, t 

163. Figure of the Earth, A large portion of the 
earth’s surface is covered with water, and, if it were not 



for the earth’s rotation, its surface would be a sphere 
having its centre at the centre of the earth. 

For simplicity, imagine a solid sphere surrounded by 
water, and suppose the whole to be in rotation about a 
diameter CB of the sphere. Oonsidor an elementary por- 
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tion P of the water, which describes a circle of radius PN 
uniformly. The attraction of the solid sphere in the direc¬ 
tion P(7, combined with the resultant fluid pressure in 
direction of the normal at P, must have as their resultant 
the force mto^PN in direction PN, Hence the normal 
at P must be inclined, as in the figure, towards the axiSi 
and the form of the surface must be oblate. 

Supposing the earth a large fluid mass, it is shewn by 
mechanical considerations that the form would be an oblate 
spheroid. 

It is hence seen that the normal to tbo surface of still 
water, that is, the vertical, at any point of the earth’s sur¬ 
face is not in direction of its centre, except at the poles 
and the equator. 


EXAUFLBS, 

164. (1) A fine iubCf ABCD, of which the equal Iranchce 
AB, CD, are vertical, BC being horisontal, is filled with liquid, 
and made to rotate uniformly about the axis of AB; to find how 
much liquid willfiow out of the md D. 

The liquid will flow out until the surface in AB is the vertex 


A D 



of a parabola passing through D, and having its axis vertical 

2/7 

and latus rectum equal to - -. 

If then 0 be the vertex of the parabola, 

B(P^%AO, 



Examjple&, Chapter JX 155 

This gives A 0, and detennines the quantify required. 

If however 0 be greater than AB^ the surfiuM of the liquid 
will be in BCf at P suppose. 

In this case we have BC^=^A(y. 

and BI^^^B(y=^{A0'-AB), 
which determines the position of P, 


(2) A itrcdght tube AB, ^led with liquid, ia made to rotate 
uniforrrdy about a vertical axis through A; to fitid hmo much 
flows out at B, 


Let 0AB=sa, and imagine a parabola, latus rectum 



to 


be drawn touching the axis of the 
tube, and having its axis coinci¬ 
dent with the vertical through A, 

Then if P be the point of con¬ 
tact, all the fluid above P will 
flow out. 

To find P, 


= since OA^OiV, 

or 

and PN=: AN taa a ; 

.*. AiV=-~cot®a, 


and AP 


g costt 
w'** sin^ a 



No fluid will flow out unless AP<AB, that is, unless 




cos a 


A B Bm=* a * 


It will be seen that P is the position of relative equilibrium 
of a heavy particle in the rotating tube. 


(3) Let the end B le closed and the tube AB, rotating as in 
Ex. (2), he only partly filled with liquid; it is required to find ike 
circumstances of relative equilibrium. 

Let AO he the portion of tube filled with liquid (fig. of pre¬ 
vious article}. 
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Draw the parabola touching in P as before: then, if C is 
below P, no change takes place, but if <7 is above P, the portion 
PC of liquid will flow to the upper end of the tube aud remain 
there. 


(4) A semicircular tube APB is filled with liquid and rotates 
uniformly about tiie vertical diameter AB; it is required to find 
where a hole may be made in the tube through which all the liquid 
will flow out. 


Draw a parabola touching the tube at P and having its ver> 

tex in BA, axis vertical, and latus rectum 

, 2o 
equal to . 

Then, if an aperture be made at P, the 
whole of the liquid, being above the parabo¬ 
loidal surface, will flow out through P. 

To find its position we have 

PN^=-^,.ON=-^,NT; 

to)- cj* 

butP.V2=c^'. NT; 

. *. CN = , which determines P. 

w 

If a be the radius {CA ) of the tube, and if 

w^<-, then CN>CA, and the aperture must 
a 

be made at A. 



(5) Zn a mass of liquid, rotating dbout a vertical axis, a 
very small ^here, of greaier density than the liquid, is immersed, 
and supported by a string fastened to a point in the axis; it is 
required to find the position of relative equilibrium. 

For one position of equilibrium it is evident that the string 
can be vertical, but wo can shew that the sphere may rest with 
the string inclined at a certain angle (d) to the vertical. 

Let V be the volume of the sphere, r its distance from the 
axis in the position of relative equilibrium, and p the densitj of 
the liqmd. 

To find the pressure of the liquid on the sphere, imagine it 
removed and its place supplied by a solidified portion F of the 
liqmd; 
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The resultant liquid pressure must support the freight gp Y, 
and also supply the horizontal pressure necessary to maintain the 
circular motion, L e. p 

Hence if p' be the density of the sphere, and t the tension of 
the string, we must have, for equilibrium. 


i sin 0+ pF(wV=/>'F(W®r, 


t COB 0 + pVg=p' Vgt 

U^T 

and tantf=—. 

V 


The position is therefore the same as if the sphere and string 
were'in motion as a conical pendulum. 

It will also be seen that the string coincides with the direc< 
tion of the normal to the surface of equal pressure which passes 
through the centre of the sphere. 


(6) A cylindrical vessel contains liquid, which rotates uni- 
Jbrmly about the axis of the cylinder; to find the whole pressure 
on its surface. * 


Let AOB be a vertical section of the surface, r tdie radius of 
the cylinder. 

We have shewn. Art. (159), that the pres¬ 
sure varies as the depth below the^ surface, 
and in this case the level of the free surface is 
the same for all points on the curved surface 
of the cylinder. 

Hence the whole pressure on the carved 
surface 



=gp 2ffr , AD.AD=vgpr • AD^. 


Let h be the height of the liquid when at rest. 

It is known that the volume of a paraboloid is half that of 
the cylinder on the same base and of the same height, and 
therefore the surface of the liquid at rest would bisect AN. 

But OiV8=^AiV, orr»=^AiV; 

.*. AD:^h + ^AN=h+-. -. 

2 4g 

Hence the whole pressure is given in terms of h. 

Also the pressure on the base is equal to the weight of the 
fluid, i. e. gpm^h. 
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NOTE ON CHAPTER IX. 

The question of the form of the surface of a rotating fluid 
appean to have been first discussed by Daniel Bernoulli, in his 
Hydrodymindca^ which was published in 1733. He there proves 
that the form is that of a paraboloid, and 5 years after Clairaut, 
in his Figure de la, Terte^ gives a similar proof, at the same time 
quoting Bernoulli. 

From the remarks of Art. 17, it follows that the paraboloidal 
form will be exactly true for viscous liquids rotating in the 
same maimer. The point of argument lies in the phrase, os if 
rigid, for, without this condition, it would not be possible to 
imagine the liquid in a state of equilibrium. It must not 
be inferred that the paraboloidal form is that which would be 
assumed by a liquid set in rotation by ordinary mechanical 
means. The interqal friction of a liquid, communicated from 
the surface of a rotating vessel may produce the effect, if the 
revolution be maintained long enough. 

Theoretically, we can imagine the effect produced by 
enclosing ice in a strong vessel with a paraboloidal upper surface, 
making it rotate, and then melting the ice by pressure, 
or otherwise. The melted ice would retain the rotation as if 
rigid, and it might perhaps bo possible to procure an approxi¬ 
mation to the paraboloidal surface. 

If a cup of tea be rapidly stirred, a convex surface is 
produced, having a hollow in the middle, but, in motion of this 
kind, the angular velocity decreases at increasing distances from 
the centre, and there is a constant displacement of the relative 
positions of the molecules of liquid. This is the case of 
Bankine’s free ckoular vortex, and its discussion belongs to the 
domain of Hydrodynamics. (See Hydromechanice,) 


Examples. 

1. Liquid contained in a closed vessel rotates uniformly 
about a vertical axis ; prove that the difference of the pressures 
at any two points of the same horizontal line varies as the dif¬ 
ference of the squares of the distances of the two points from 
the axis of rotation. 
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2. A hollow paraboloid of revolution with ita axis verUcal 
and vertex downwards is half filled with liquid. With what an¬ 
gular velocity must it be made to rotate about its axis in order 
that the liquid may just rise to the rim of the vessel! 

3. If a solid cylinder float in a liquid which rotates about a 
vertical axis having its axis coincident with the axis of revolu¬ 
tion, determine the portion of its surface which is submerged, 
the dimensions of the cylinder and the densities of the liquid and 
cylinder being given. 

4. An open vessel, containing two liquids which do not 
mix, revolves uniformly round a vertical axis; find the form of 
the common surface. 


5. A conical vessel open at the top and filled with liquid 
rotates about its axis; find how much runs over, 1st, when a is 

less, and, 2nd, when ta is greater than ^/l cot a, h being the 
height of the cone, and a its semivertical angle. 


6. A hemispherical bowl is filled with liquid, which is made 
to rotate uniformly about the vertical radius of the bowl; find 
how much runs over. 

7. An elliptic tube, half full of liquid, revolves about a 
fixed vertical axis in its own plane, with angular velocity 
prove that the angle which the straight line joining the free sur¬ 
faces of the liquid makes with the vertical is tan~'^^,, where 
p is the perpendicular from the centre on the axis. 


8. A closed cylindrical vessel, height h and radius a, is just 
filled with liquid, and rotates uniformly about its vertical axis; 
find the pressures on its upper and lower ends, and the whole 
pressure on its curved surface. 

9. A hemispherical bowl, just filled with liquid, is inverted 
on a smooth horizontal table, and rotates uniformly about its 
vertical radius; find what its weight may be, in order that none 
of the liquid may escape. 

10. A cylindrical vessel, containing water, rotates uniformly 
about its axis, which is vertical, the water rotating with it at the 

rate; find the position of relative equlUbriam of a small 
piece of cork which is kept under water by a string fastened to 
a point in the side of the vessel. 
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11. A vertioal cylinder, of height h and radius a, is half 
full of water, which rotates uniformly about the axis; prove 
that the greatest angular velocity which can be imparted to the 
water without causing an overflow is ^J^h a. 


12. A conical vessel, of height k and vertical angle 60^, has 
its axis vertical and is half filled with water; prove that the 
greatest angular velocity which the water can have without 


overflowing is • 



CHAPTER X. 


Temion <jf Vessels contaming Fluids, 

165. TF a cylindrical vessel contam liquid, the pressure 
X of the liquid will produce a strain or tension in 
the substance of which the vessel is formed. We may 
imagine the vessel formed of some thin flexible substance, 
such as silk or paper, and it is obvious that if this sub¬ 
stance bo not strong enough, it will bo torn asunder by 
the pressure of the liquid. 

Wo proceed to investigate the relation between the 
pressure and ihe tension produced by it. 

Measure of tsnsion. Imagine a hollow cylindrical 
vessel formed of a tliin flexible substsince to be filled with 
a gas at a given pressure, so that the tension may bo the 
same throughout. 

Divide the surface .along a generating lino, length I, 
and lot T be the whole force required to keep tlie two 
parts together; 

then, if T=tlf t is the tension along any unit of length. 

If the cylinder bo vertical and filled with water, so 
that the pressure and therefore the tension vary at differ¬ 
ent depths, then the. tension t at any point is the tension 
that would be exerted along an unit of length, if it were 
the same tliroughout the unit as it is at the point in ques¬ 
tion. 

166. A verticaJl cylindrical vessel cmiains fluid; U 
flnd the reUxtim between the pressure and tension. 

The pressure being the same at all points of the same 

n 


B. E. n. 
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horizontal plane, it follows tiiat the tension 
will be the same at all points of the same 
horizontal section. 

PQ, P'<2' be small portions of two 
horizontal sections Teiy near each other. 

PP' and being vertical. Tho dimen¬ 
sions of are taken so small that the 
pressure and tension at all points of it are sensibly the 
same. 

Let py t he the pressure and tension; then t . PP'i 
t. QQ' are the horizontal forces acting on the portion PQ' 
of the surface at tho middle points A, 'B of its ends, and 
these forces must counterbalance the pressure of the liquid, 
wliichisj».PP'.P$. 

This resultant pressure acts in the direction CE bisect¬ 
ing the angle A CD, and the two tensions in tho directions 
of the tangents at P and Q, 

Hence, resolving the forces in the direction CEy 

p.PP" .PQ^It.PP' sxa^ACB 

A 

=^t.PP’.\.^^- J-.PP'.PQ, 

2 r r 

if r bo the radius of the cylinder, 

and i-pr. 



I 



If the cylinder (K>ntain a gaseous.fluid of which the 
pressure is sensibly the same throughout its mass, the 
relation t^pr is true at every point, whether the axis be 
vertical or not. 
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This result can also be obtained by considering the 

equilibrium of a semi-circular portion of thickness PP', for 

the resultant pressure will be parallel to the tensions at the 

two ends, and will be equal to the pressure on the pr^’ected 

area 2r. PP'. so that 

* • 

2t.PP'=^p,2r,PP, or t=pr. 


167. If the pressure along the arc is a variable 
quantity the cylindrical form is not a form of equilibrium 
for a vessel formed of thin flexible material, but, taking r as 
the radius of curvature at the relation, t-pr^ is true of 
every point. 

For example consider the Linteariat which is the form 
assumed by a rectangular piece of a thin membrane, two 
opposite sides of which are fastened to the sides of a box, while 
the other sides flt the box closely, so that liquid can be poured 
in without escaping. 

The figure is a section of the cylindrical surface so formed, 
by a plane perpendicular to its generating lines, liC being the 
surface of the liquid. 


a N B 



The tpnsion (t) along BAC is constant, because the liquid 
pressure is normal, and, if r be the radius of curvature at P, 

t—pr=qprPNt ^oc P^, 

i, e. the curvature at P is proportional to the depth below 
the surface. 

This curve is the same as the Elastica, the curve formed by 
a bent rod, and is also, as will be seen subsequentlyy the same 
as the Capillary curve. 


11—2 



164? Tension of a Spherical Envelope. 

168* A spherical turface contains gas aJt a given 
pressure^ it is required to find the tension at any point. 

Frjun symmetry we may take the tension to be tlio 
same at every point. 

Moreover, if any line be drawn on the surface we may 
assume that the tension between the 
two portions parted by that line acts 
in a direction perpendicular to it. 

Consider a very small square por¬ 
tion of the surface ABCDy and let t 
be the tension, 0 the centre of the 
sphere, and r its radius. 

Then a beings the length of any 
side of the square, there are four 
forces, each equal to ta, acting at the 
middle points of the lines AB^ BCy 
GDf BAj perpendicular to these lines and tangential to 
the surface, and the resultant of theso forces must ccuu- 
terbalance the pressure of the gas. 

The resultant of ta on AB and CD, in tlie direction 
EO, 

= 2ta.miiFOE=^2ta—=^ a®: 

r r 

and similarly the resultant of the tensions on AC and BD 



therefore, if p be the pressure of the gas, 

2“a2=/?a®, and 2t-pr. 

Instead of taking a small element we may consider the 
equilibrium of a hemisphere, under the action of the tension 
2irrtf and of the resultant pressure which is equal to 
the pressure on a circular area of radius r, so that 

2irrt=7rr^p, or 2t=^pr, 

Hence it appears that a spherical vessel is twice as 
strong as a cylindrical vessel of the same material and the 
same radius. 



Tensions, 165 

169 We have not compared with each other the ten- 
sioDB of vessels formed of substances of different thickness. 
To do this it will bo seen that for a given value^of the 
tension os wo have measured it, the intrinsic strain of 
any substance will bo diminished by iucre^ing the thidk- 
ness. 

IS'ow if e bo the thickness of any flexible lamina, and if 
t^er, then r will be the tension of an unit of area of the 
section, and for tho comparison of different thicknesses, 
this latter mcasuro of tension must be employed. 

Ex. A bar of metal one square inch in section can 
sustain a weight of 1000 lbs,, and of this metal a cylinder 
is made one-twentieth of an inch in thickims^ and one 
foot in diameter; find the greatest fiuid pressure which 
the cylinder can sustain. 

In this case tho greatest possible value of r is 1000, 
and tho greatest value of i=— . t = 50; 

t 60 

••• i»=-=^=8ilbs. 

Ilcnce 8^ lbs. per sq. inch is the greatest pressure 
which can be applied without bursting the cylinder. 

170. A conical vessel^ formed of a fexible suhstancCy is held 
by the rim with its vertex downwards, and is filled with liquid; 
it is required to find the tension at any point in the direction of the 
generating line passing through the point. 

Let PP' be a horizontal section of the cone. It is obvious 
that along the section PP' the ten¬ 
sion is the same at any point and is 
in direction of the generating lino 
through that point. 

Let then t be the tension, which is 
at all points of the circle PP' in a 
direction inclined at an angle a to the 
vertical, if 2a be the vertical angle. 

The vertical resultant of the ten¬ 
sion on tixe whole circle PP, that is, 

2ir. PN. t cos a, is equal to the result¬ 
ant vertical pressure on tho surface 
POP, 



166 ' Ukcamplea, Chapter X, 

Now this pressure 

—weight of fluid POi*'+ weight of fluid 
^gp Q irPA’S. aV+ irPN *. PQ ^, 

and therefore if ON—Xf and OE=hf 

2tx tan a. t cos a=gpvx^ tan^a +7t - ae] , 

^ 1 sin a /, 2a!*\ 

or t= - gp —{fix —— j. 

2 COS'* a \ 3 ' 

, 2a? 2i97t2 f Z7t\\ 

binoe 


it follows that t has a maximum value when as— 


3A 

4 * 


A little consideration will shew that there is a horizontal 
tension at all points along a generating line, in a direction per¬ 
pendicular to that line, but the investigation of this other ten¬ 
sion would be beyond the limits which must be assigned to an 
elementary course, and must therefore be deferred to treatises 
taking a higher range. 


EXAMPLES. 

1. Two vertical cylinders of the same thickness and the 
same material, contain equal quantities of water; compare their 
greatest tensions. 

2. Two cylindrical boilers are constructed of the same ma¬ 
terial, the diameter of one being three times that of the other, 
and the thickness of the larger one twice that of tbe other; 
compare the strengths of the boilers. 

3. A bar of metal, one-fourth of a square inch in section, 
can support a weight of 1000 lbs.; And the greatest fluid pres¬ 
sure which a cylindrical pipe made of this metal can sustain, 
tiie diameter being 10 inches and the thickness one-tenth of an 

. inch. 

4. Equal quantities of the same material are formed into 
two thin spherical vessels of given radii; compare the greatest 
fluid pressures they will sustain. 



Examples, Chapter X, 167 

5. Hie natural radius of an elastic spherical envelope con¬ 
taining air at atmospheric pressure is a, and, when a certain 
quantity of air is forced into it, its radius is b. It is then placed 
under an exhausted receiver and its radius becomes c. Find 
the quantity of air forced in, supposing that the increase of ten¬ 
sion of the envelope varies directly as the increase of its sur¬ 
face. 


6. The top of a rectangular box is closed by an uniform 
elastic band, fastened at two opposite sides, and fitting closely 
to the other sides; the air being gradually removed from the 
box, find the successive forms assumed by the elastic band, and 
when it just touches the bottom of the box, find the difference 
between the external and internal atmospheric pressures. 

7. A vertical cylinder formed of a flexible and inextensible 
material contains water; find the tension at any point. 

If this flexible cylinder be put into a square- box, the width 
of which is less than the diameter of the cylinder, and water be 
then poured in to the same height as before, fiud the change in 
the tension at any depth. 

8. An elastic and flexible cylindrical tube contains orilinaiy 

atmospheric air; if the ends be kept closed, and the pressure of 
the air inside be increased by a given amount, find the increase 
in the radius of the cylinder. ' 

If the radius be doubled by a given increase of pressure, 
prove that tlie modulus of elasticity is in that case twice the 
tension that would have been produced in the cylinder, if 
inelastic, by the same increase of pressure. 

9. An inelastic flexible cylindrical vessel, closed rigidly at 
the top, is filled with water, and the whole rotates uniformly 
about the axis of the cylinder, which is vertical; find the tension 
at any point. 



CHAPTER XL 


Capillarity, 

171. Tj^HEN a glass tube, of very small Sore, with its 
▼ T two ends open, is dipped in water it is observed 
that the water rises in the tube, and that it is in equilibrium 
with the surface of tho water inside at a higher level than 
the surfiice outside. If the tube is dipped in mercury, it 
is found that the mercury inside is in equilibrium at a 
lower level than the mercury outsido. 

In either case, the ascent, or depression, is greater if 
the experiment be made with tubes of smaller bore. 

If the surface of water be examined close to the vertical 
side of a vessel containing it, tho surface will bo found to 
bo curved upwards, tho water appearing to cling to, and 
hang from the wall, at a definite angle. 

Phjenomena of this kind, with others, such as those 
presented by drops of liquid, or by liquid films, are 
grouped together as being instances of Capillary Action, 

172. Consider the 
equilibrium of a thin co¬ 
lumn of liquid PQ, as in 
the figure. 

If v be the atmo¬ 
spheric pressure, pres¬ 
sure at Q=‘ir-gp.QN, 
and therefore, taking a 
as tho cross section, the 
column PQ is acted 
upon by gravity and also 
by the force gpaQN 
downwards, that is by 
the force gpaPN downwards, which is in some way 
eoimterbalanced. 




Capillarity, 169 

Tliis suggests the theory of the existence of a surface 
tension, the vertical resultant of which, acting on the upper 
boundary, at P, of the column, will exactly countorbalwco 
the weight of the column PN, 

Various facts support the idea of the existence of a 
surface tendon. The familiar experiment of gently placing 
a needle on the surface of water, on which it will sometimes 
float, is a case in point. The needle appears to be supported 
on a thin membrane, which bends beneath its weight. 

In summer weather insects may be seen on the surface 
of water, apparently indenting, without breaking through, 
tho superficial membrane. 

As the results of observation and experiment we can 
state two laws relating to surface tension. 

(1) At the hounding surface separating air from any 
liquid, or between two liquids, there is a surface tension 
which is the same at em^y point and in every direction. 

(2) At the line of junction of the hounding surface of 
a goA and a liquid with a solid body, or of the hounding 
surface of two liquids with a solid body, ths surface is 
inclined to the surface of tlw solid body at a definite 
angle, depending upon the natwhe of the solid and the 
liquids. 

In the case of water in a glass vessel the angle is acute; 
in the case of mercury it is obtuse. It will be seen that in 
a tube containing water, the top of tho water is concave; 
in a mercurial barometer tube the top of the mercury is 
convex. 

173. Rise of a liquid between two plates. 

Taking the figure of Art. 172 as a vertical section 
perpendicular to the plates, 

T the surface tension, a the constant angle at which 
the surface meets either plate, h the mean rise, and d the 
distance between the plates, we have, for tho equilibrium 
of one unit of breadth of the liquid, 

2Pcos a = gpkd, 
so that h varies inversely as d. 



170 Capillary Curve, 

Em qf a liquid in a circular tube. 

Taking: tlio same figure os a section through the axis, 
and r as the radius of the tube, we hare 

2irrTcoa a — ffpirr-A, 
aud therefore A varies inversely as r. 

It will be seen that the rise in a circular tube of radius 
r is the same as the rise between two plates at a distance r. 

In each case the pressure at any point of the suspended 
column is less than the atmospheric pressure, and, if the 
column vrero high enough, this pressure would merge into 
a state of tension, which would still follow the law of fluid 
pressure, of being the same, at any point, in every direction. 

The rise of sap in trees may perhaps afford an instance 
of this state of things. 

174. T/ic Capillary Carve is the form assumed by the 
liquid near a vertical wall. 

Let PN be the height above the level of the water of a 
point P of this curve, and consider the equilibrium of the 
column PQLNj taking one unit of breadth perpendicular 
to the piano of the paper. 



The resultant of the tensions at P and Q is in direction 
of the normal at the middle point of P<?, and, if r be the 

PQ 

radius of curvature, it is equal to T. —. 

\ ^ 

The vertical component of this resultant being equal to 
the weight of the column, 

cot e=gp PN.NL, 



Liquid Films, 171 

where 6 is the inclination to the Vertical of the normaL 
Now NL — PQ cos $, 

T = gpr. PN, 

i.o. the curvature at P is proportional to PN, 

This is tho property which wo found to be true of the 
Lintearia, and which can be shewn to bo also the 
characteristic property of tho Elastica. 

175. Liquid Films possess the characteristic property 
that the tension is the same at every point, and in every 
direction. 

If j be the tension of a soap bubble of radius r, and 
p the difference between the internal and external air- 
pressure, then 2 t— 2 tr. 

Liquid hlrns may be formed, and examined, by shaking 
a clear glass bottle containing some viscous liquid, or by 
dipping a wire frame into a solution of soap and water, and 
slowly drawingdt out. 

In this way films, apparently plane, can be obtained, 
shewing that tlie action of gravity is unimportant in com¬ 
parison with the tension of the film. 

These films give way and break under the least tangen- 
*tial action, and w'o therefore infer that the tension across 
any line is normal to that line. 

We can hence deduce tho property above stated. For, 
considering a small triangular portion, the actual tensions 
on tho sides must bo proportional to tho lengths of tho 
sides, and therefore the measures of the three tensions are 
the same. 

If one part of tho boundary of a plane film l)e a light 
thread, we can prove that it will take the form of an arc of 
a circle. 

Since the tension of the film is at all points normal to 
the thread, it follows that tho tension, t, of the |hread is 
constant. 

Let r be tho intrinsic tension of the film, and consider 
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Emr^y of a film. 


the element PQ of the thread; for equilibrium, if r be the 
radius of cur^aturo, 




and therefore r is constant 


176. Energy of a plane film- 

In drawing out a film a certain amount of work is 
expended, and this represents the energy of the film. 

Consider for instance a plane rectangular film ABCDj 
bounded by wires, and imagine the wire CD moreablo on 
AG and BD ; 

then releasing CD the film will draw CD towards AB, and 
the work done, if t be the tension, will be t . CD, AC. But, 
if S be the superficial energy per unit of area, the actual 
energy is S . CD.AG\ 

i. e. the superficial energy per unit of areals equal to the 
tension per unit of length. (Maxwell’s Heat, Chapter xx.) 


177. Energy of a soap huhhlc. 

If p be the difference between the internal and extenud 
pressures, and t the tension, the work done in expanding a 
soap-bubble from radius to a radius r' slightly greater is 

y?.4n-r=*(r'-r), or S?r^r(r'-r). 

If wo assume t constant, tiic total w'ork done in the 
formation of a bubble of radius c=S Sjrir (r' - r), 

and, taking r — r— - and r = — , 

' ® n n 

this = ^ 2 , when n is indefinitely increased, 

and therefore the superficial energy = t 



CHAPTER XII. 


ThA Motion of Fluids. 


178. TF an aperture be made in the base or the side of 
JL a vessel containing liquid, it immediately flows 
out with a velocity which is greater the greater the dis> 
tance of the aperture below the surface, 'the relation 
between the velocity and the depth, taking the aperture 
to bo small, was discovered experimentally by Torricelli. 

The following is Torricelli’s Theorem: 

If a small aperture he made in a vessel containing 
liquid^ tita velocity with which the particles of fluid issue 
from the vessel^ into vacuuniy is the same as if they had 
fallen from tJw heel of the surface to the level of the 
aperture; 

' that is, if as bo the depth of the aperture below the 
surface, and e? the velocity of the issuing particles, 

The experimental proof of this is that if the aperture 
be turned upwards, as in the figure, 
the particles of liquid will rise to the 
same level as the surface of the liquid 
in the vessel. Practically the resist¬ 
ance of the air and friction in the con- 
ducting-tubo destroy a portion of this 
velocity, but experiments tend to 
prove the truth of the law, which 
moreover can be established as an 
approximate result of mathematical 
reasoning. 




174 Motion of Liquids, 

Assuming tlie principle of eneigy*, we can give a 
theoretical proof of the tbeorom. 

Let K be the area of the upper surface of the liquid, 
and suppose that, during a short time, the height of the 
upper surface is diminished by a small quantity so that 
Ky is the volume which has flowed out through the orifice. 
T^ug V as the velocity of efflux, the kinetic energy which 

has issued through the orifice is \ pKyt^t and if we neglect 

the kinetic energy of the liquid in the vessel, this must be 
equal to the loss of potential energy, which is gpKyx^ 

and V‘ - 2gx. 

Form qf a jet of liquid. If the aperture bo opened in 
any direction not vertical, each particle of liquid having the ■ 
same velocity, will follow the same path, which by the laws 
of Dynamics, is a parabola. Hence the form of the jet is a 
parabola. 

Contracted vein. If the aperture be made in the base 
of a vessel, and if the base be of thin material, it is observed 
that the issuing jet is not cylindrical, but that it contracts 
for a short distance (a fraction of an inch) and then expands 
afterwards contracting gradually^ it descends, and finally 
breaking into separate drops. The amount of contraction 
depends on the thickness of the vessel, and the size and 
form of the aperture. 

The rate of Efflux is the rate at which tho liquid flows 
out, and this clearly depends both on tho velocity of the 
issuing particles, and the size of the aperture. 

If A; be the area of the aperture and v tho velocity, 
then in an unit of time a portion of liquid will have passed 
through equal to a length v of a cylinder of which k is the 
base, and therefore vk is the quantity which flows out in 
an unit of time, that is, vk is the rate of efflux. 

This is however not true unless the liquid issue from 
a pipe of some length, in which case there is no contracted 
vein. In general k must be taken as tho section of the 
contracted vein, it being found that the velocity at the 
contracted vein is that which is given by Torricelli’s 
thooreuL 

* See Maxwell’* MaMer and Motion. 



Motion of Liquids. 175 

179. Steady motion. When a fluid moves in such a 
manner that, at any given point, the velocities of the sue- 
cessive particles which pass the point are always the same, 
the motion is said to be steady. Thus if a vessel having a 
small aperture in its base be kept constantly full, the 
motion is steady. 

180. Motion through tubes cf different size. rt,o 
continuity of a flnid leads to a siniplo relation between 
the velocities of transit through successive tubes. Thus if a 
liquid, after passing through a tubo AB^ 
pass through CL, the tubes being full, 
it is clear that during any given time 
the quantity which passes through a 
given plane AB m one tubo must be 
equal to the quantity which passes any 
given piano CD in the other. Let A, k' 
be the areas of theso planes, and v' 
the respective velocities at AB and CD. 

Then k'd are tho quantities which 
pass through in an unit of time, and 
therefore 

J&o = AV. 

Hence, os tho section of a mass of fluid decreases, its 
velocity increases in the same proportion. For instance, 
tho stream of a river is more rapid at places where the 
width of tho river is diminished. This also accounts for 
tihe gradual contraction of the descending jet of liquid, 
Art. (172), for the velocity increases, and therefore the 
section diminishes. 

181. A cylindrical vessel containing liquid has a 
small orifice in its base; to find the velocity at the sur¬ 
face. 

If tho orifice be small and the surface large, the sur¬ 
face will descend very slowly. 

Let h be tho height of the surface, then *J2gh is ap¬ 
proximately the velocity at the orifice. Take K for the 
area of the base of the vessel, and k of the orifice. 





176 Pressure of Air in Motion, 

Then, neglecting the change of velocity at the orifice 

in the unit of time, tj2gh is the quantity of liquid which 
passes through the orifice, and therefore if V be the velo* 
dty at the surface, 

VK = hJ'lgh, 

If the vessel be kept constantly full, the motion is 
8#ady and the velocities are constant: hence the time in 
which a quantity of liquid, equal in volume to the cylin¬ 
der, would, under these circumstances, flow through the 

orifice = 

It will be seen that this is only a rough approximation 
to the actual facts of the case, but its insertion will serve 
to illustrate the laws above mentioned. 

182. Pressure qf air in motion. Early in the 18th 
century Hawksbee observed that if a current of air be 
transmitted through a small box the air becomes rarefied. 
This fact is illustrated by the following experiment. 

Take a small straight tube, and at one end of it fix 
three smooth wires parallel to the tube and projecting 
from its edge, and let a flat disc be moveable on these 
wires, with its plane perpendicular to the axis*of the tube. 
Blow steadily into tho other end, and it will bo found that 
the disc will not be blown off, but will oscillate about a 
point at a short distance from the end of tho tube. 

The reason of this apparent paradox is that the dimi¬ 
nution of tho density of the air in motion diminishes the 
pressure on the disc which would otherwise result from 
the continued action of the air impinging upon it, and the 
result is that it is balanced by the atmospheric pressure 
OB the other side. 

A full account of this experiment, and of other facts connected 
with it, was given by Professor Willis in the third volume of the 
Cambridge Philosophical Tranwetions. 

A similar experiment was pei formed, in i8i5, by M. Haohette, 
with a stream of water, and it was found that the pressure of the 
water was diminished by an increase of velocity. 
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It ia worthy of remark that lar|^ ships of the Devastation 
class are observed to sink mure deeply in the water when their 
speed is increased. 

In a series of papers in Naiivre, for November and December 
1875, Mr W. Fronde has given a number of experimental 
illustrations, with explanations in general terms, of the connec* 
Uon between the pressure and the kinetic energy of a liquid. 


ImpiMve Action, 

183. Imagine a closed vessel filled with liquid and 
having an aperture in its surface fitted with a piston. Lot 
an impulse be applied to this piston ; then assuming the 
incompressibility of the liquid, it con be shewn by the 
same reasoning as for finite pressures, that the impulse is 
transmitted throughout the mass, and is, at any point, the 
same in every direction. 

The impulse at any point is measured in the same 
manner as a finite pressure; that is, if uj be the impuUive 
pressure at a point, wk is the impulse on a small area k 
containing the point. 

A cylindrical vesselj containittg \iquid, w descending 
with a given velocity and is suddenly slopped ; tojind the 
impulsive aMion at any point. 

The impulsive pressure at all points of the same hori¬ 
zontal plane will be the same, and if cr be the pressure at 
a depth x, and k tlio area of the base of the cylinder, “ark 
is the impuUo between the portion of the liquid above 
and below the plane at a depth x, and this impulse evi¬ 
dently destroys, and is therefore equal to, the momentum 
of the liquid mass above, which is pkxe. 

Hence vsk = pkxv^ ^ 

and.’. zx = pvx. 

If a vessel of any shape, containing liquid, descend 
vertically and be suddenly stopped, we can prove, by con- 
" sidering a small vertical prism of liquid, that the impulse 
at any point varies as the depth below the surface of the 
liquid. 


B* K. H, 
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178 Impulsive Action, 

This being the case/it follows that the propositions 
relating to whole pressure, and to resultant vertical and 
horizontal pressures in Chapters in. and iv., ai*e equally 
true of impulsive pressures for the particular case in which 
the motion destroyed is vertical. The question is really 
the same if the vessel bo made to ascend suddenly from 
Ipst, or have its velocity ethddenly changed. 

Ex. 7n a clmed vessel of liquid a ball of metal is suspended 
by a vertical string fastened to the upper part of the vessel. Find 
the impulsive Unsion of the string when ^te vessel is suddenly 
raised with a given vdocity. 

The resultant impulse of the liquid on the ball will be the 
same as if its place were occupied by the liquid, aod therefore 
will be equal to the momentum of the ball of liquid. 

If 27 be the volume, and v the velocity, this is prvU, But if 
// be the density of the metal, the momentum of the ball is 
p'vUf and this is produced by the impulse of the liquid, and the 
tension T of the string. 

Hence p'vV^pvV + 7. 

T=^{p*-p)vU. 


and 



CHAPTER XIII. 


On Sounds 

184. rriHE sensation which we call sound is produced 
X by a vibratory movement of the atmosphere; 
however it is first caused, it finally affects the organs of 
hearing by means of the air. A blow struck on any elastic 
body wilt produce sound, and the more highly elastic the 
body is tlio more easily will the sound be produced; a 
picco of metal when struck will ring sharply while the 
same blow on a piece of wood produces a dull sound of 
less intensity. A sound may traverse intervening bodies 
and be finally imparted through a^r which has no direct 
communication with the air in which it originated. 

The fact that air 1% necesmry for the transmission 
<f sound may be shewn experimentally. Suspend a bell 
within the receiver of an air-pump, and provide a means 
of striking the bell from without, for instance, by a rod 
sliding in an air-tight collar. Then proceed to exhaust 
the receiver, and it will be found that as the exhaustion 
progresses, the sound of the bell becomes fainter, and is 
finally lost altogctlicr. 

That there is an actual motion in the particles of air is 
shewn by the transmission of sound tlirough solid bodies, 
and also by the fact that a musical note sounded on a^y 
instrument will sometimes produce a sound, in unison with 
it, from some other body not in contact with the instru* 
ment. 

Velocity qf Sound, 

The rate at which sound travels depends on the tem¬ 
perature of the atmosphere; it has been found esperi- 

12~2 



180 Velocity of Sound, 

mentally that at the freezing temperature the velocity is 
about 1089 feet per second, and that at a temperature 
of 61® F., when the height of tho barometer is 29.8 inches, 
the velocity is nearly 1118 feet per second. We may 
therefore take 1100 feet per second as the velocity of 
sound under average atmospheric conditions. 

P 

Distance of a sounding tody. Knowing the velocity 
of sound, we can estimate tho distance of a sounding 
body whenever tho production of sound is accompanied 
by the production of light. Tho velocity of light is so 
great that its transmission through ail ordinary distances 
on the earth may be considered instantaneous, and thus 
if a cannon be fired from a ship at sea, the interval be¬ 
tween seeing the flash and hearing the report will deter¬ 
mine the distance of the ship. In tho same manner the 
interval between a flash of lightning and tho thunder 
which follows it will determino the distance of tho cloud 
from which the flash is evolved. 

The rolling of thunder may bo accounted for in two 
ways. A single explosion may accompany tho lightning, 
in which case a peal of thunder will be due to the reflec¬ 
tion of the sound by clouds in different directions, and 
will be in fact a succession of echoes. Or tho electric 
flash may pass rapidly from cloud to cloud, and thus the 
sounds of a Series of explosions taking place almost at 
the same instant, but at difleront distances from tho spec¬ 
tator, will arrive in succession and produce a continuous 
peal. In this latter case the peal is probably intensified 
and lengthened by echoes. 

Velocity of sound through imter. Sound is transmitted 
with much greater velocity through water, and through 
highly elastic solids, than through air. By experiments 
made in the lake of Geneva, the velocity was found to be 
4708 feet per second, when tho temperature of the water 
was 8®C. The rate of transmission through metallic 
sqbstances is very much greater. 

Vetodiy through gases. We have stated that the 
, velocity in air depends on the temperature, and not 
on the density. In fact it depends on the value of 
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which is different for different gases, and tlierefore the 
velocities in gases differ from each other. For instance, 
the velocity in hydrogen is nearly four times that in air at 
the same temperature, the elasticity of hydrogen being 
much greater than that of air. 

Transmission through the^atmosphere. The vario^ 
portions of tho atmosphere through which a sound passes, 
may have different temperatures, and consequently the 
sound will travel with a variable velocity. Moreover, the 
passage through varying strata tends to disturb the vibra¬ 
tions and to diminish the intensity. This accounts for the 
fact that distant sounds are heard more distinctly at night 
than during tho day, the atmosphere being in general 
more quiescent, and having a more equable temperature. 


Sound JFdves. 

185. A tcave is tho term applied to any state of vi¬ 
bratory motion wliich is transmitted progressively through 
the particles of a body. The effect of dropping a stone in 
still water is a familiar illustration; the rise and fall of 
tho water produced by the plunge of tho stone travels 
outwards in an expanding circle, while the particles of 
water merely rise and fall in succession as the wave passes 
over them. 

Thus a portion of the atmosphere being in any way sot 
in motion, the vibrations are communicated to the sur¬ 
rounding air, and tho expanding spherical wave impinging 
on the ear produces the sensation of sound. 

The intensity of a sound diminishes as the, distance 
of the sounding body is increased. As a spherical 
wave expands, its thickness remaining constant, the vibra¬ 
tions are communicated to larger masses of air, and, in 
accordance with a general law of mechanics, the intensities 
of the vibrations are diminished. The intensity in fact is 
diminished in tho inverse ratio of the square of the dis¬ 
tance. This law however does not hold, if the sound be 
transmittod through tubes or pipes. In such cases the 
intensity is veiy slowly diminished 
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Sound Waves. 


Propagation 0 / a Wave along a Straight Tube. 

i 186. Consider a straight tube filled with air, and let 
a disc AB at one end oscillate rapidly over the space aa\ 



When the disc oscillates from A to it compresses 
the air before it, and when the disc is at a, the compres¬ 
sion has traversed and extends over the space AG. This 
compression travels along the tube with a constant velo¬ 
city, and is called the condensing w'avc. 

As the disc returns from a to it rarefies the air 
behind it; and this rarefaction extends over AC^ while 
the previous compression has been transferred to the 
space CD, and thus a rarefying wave follows the condens¬ 
ing wave. 

As the disc moves from A to a', another rarefying 
wave is produced, and when the disc returns to a con¬ 
densing wave is produced, while during these two pro¬ 
cesses the first condensing and rarefying waves have l^cn 
transferred to EF and DM respectively. 

The disc having its greatest velocity at A, and coming 
to rest at a and a', it is obvious tliat the condensation is 
greatest at F, and diminishes gradually to E, where there 
is no condensation, or where the density is the same as if 
the air were at rest; from Eto D the air is rarefied, and 
at D the rarefaction is greatest; from Z> to (7 the rare¬ 
faction decreases, and at € condensation commences and 
increases to A 

Thus a complete wave or undulation is formed, and if 
the disc oscillate once only, a single wave will travd along 
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tho tube toMng successive positions as in the figure; if 
the disc continue to vibrate, a succession of these waves 
will be produced and will follow each other continuously 
along the tube. If these waves, on emergence from the 
tube, impinge on the ear, the sensation produced will be 
that of a continuous and uniform sound. 

The vibrations can be produced without the aid of the 
disc, as, for instance, by blowing across tho end of the 
tube. 

It will be observed that the velocities of the vibrating 
particles of air are zero at jP and D, and greatest at £ 
and C. 

The length of a wave is the distance between any two 
points at which the phases of vibration are tho same, that 
is, at which the velocities of tho vibrating particles are 
the same in direction and magnitude. 


Motion of a Wave along a Stretched String. 

i 

1S7. In a similar manner, if a portion of a stretched 
cord PQ bo set in motion, a >vavc, or succession of waves. 


n 



will travel along the cord, and on arriving at Q will be 
reflected and travel back again. 

The string may vibrate somewhat in the form of the 
curve ABCDE^ AE being tho length of a wave, B and C 
the points at which the displacement is greatest, and the 
velocity zero, and A^ C, and E the points at wliich the 
displacement is zero and the velocity greatest. 

In tills case the vibration is perpendicular to the line 
in which tho wave travels, but its analogy with the case of 
the tube is sufficiently evident. 


184 Musical Sounds. 

The vibratians of the string are commimicatod to the 
air and thereby conveyed to the ear. 

Musical Sounds. 

188. Any series of waves, following in close Saccos' 
sion, may produce a continued sound; if they are irregular 
in magnitude, the result is a noise^ but a musical note ic 
produced by a constant succession of equal waves. 

Pitchy intensityy and quality. ISTotcs may differ from 
each other in three characteristics; thus, a note may be 
grave or acute, that is, its pitch may be high or low; and 
the pitch of a note depends on the length of the consti¬ 
tuent wave, and is higher as the length of the wave is 
less. The intensity of a sound depends on the extent of 
vibration of the particles of air, and its quality is a cha¬ 
racteristic by which notes of the same pitch and intensity 
are distinguished from each other. The quality of a note, 
or, as it is sometimes called, its timbre, depends on the 
nature of the instrument from which it is produced. 

A further distinction of sounds is sometimes marked 
by the word tone. Thus the tone of a flute differs from 
the tone of other instruments, while two flutes may, and 
will in general, produce sounds which differ in quality. 

189. Sounds of different pitch travel with the same 
velocity. This appears to be the ease from the fact that if 
a musical band be heard at a distance there is no loss of 
harmony, and tiicreforc there can be no sensible difference 
in the velocities of the different sounds. 

190. Reflection of waves in a tube of finite length. 
It is found both by experiment and theoiy that a wave 
on arriving at the end of a tube is reflected, whether the 
end bo open or closed, and travels back again, changed 
only in intensity, to bo again reflected at tlic other end. 

This accounts for the resonance in a tube when tlic 
air within it has been set in vibration. 

191. Coexistence and interference of undulations. 

Different sound waves travelling through the air tra¬ 
verse each other without alteration cither of i>itch or in- 
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tensity^. In other words, different undulations coexist 
without affecting each other, and the actual vibration of 
any particle of air is the sum or difference of the coexist¬ 
ent vibrations which arc at the same instant traversing 
the particle of air. 

A simple illustration of this coexistence may be seen 
by dropping two stones in water. The expanding circular 
waves intersect, and at the points of intersection it will 
be seen that a depression and an elevation neutralize each 
other, and-that two depressions or two elevations at the 
same point increase the amount of one or the other. If 
there bo a sufficient number of circular waves the points 
of greatest elevation will bo seen to lie in regular curves, 
as also those of depression, and of neutralization^. The 
vibrations in this case being transverse to the direction of 
transmission of the wave are different from those of sound 
waves, which are longitudinal or in the direction of trans¬ 
mission, but the effect of coexistence is the same in all 
cases. 

The effect of coexistence in producing neutralization, 
or increase of intensity, is called the interlercnce of undu¬ 
lations, and it must bo observed that, while two sets of 
undulations are physically independent of each oiher, their 
geometrical resultant may be a form of undulation differ¬ 
ent from that of either component, as in the case just re¬ 
ferred to of the undulations in the surface of water. 


• These curves ore h)Tierbolafi, for, if A 
and B lie tlic centres of (listiirl)aiice, and 
Pt tlic points of intersection of two piir- 
ticiilar waves, AP and BP increase iini- 
fonnly witli tlic time, and the rate of in¬ 
crease of cacit is the same. 

Hence, their differcuce is constant, and 
the locus of P is an hyperbola of wliich A 
and B are tlie focL As other waves follow 
in succession the series of sucii points will 
lie in confocal hyperholas. 
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Notes of a Tube, 


The Notes which can he produced from a TtAe closed 

at one end. 


192. When a definite note is being sounded irom a 
tube, the ail* within the tube vibrates regularly, every 
particle maintaining the same 'vibration, and there are 
certain points of the tube at which the air remains at 
rest. These points, or planes of division of the tube, are 
called nodesy and the planes of maximum vibration are 
called loops. 

The motion in fact is tho same as if there were fixed 
waves in the tube, and tho nodes and loops are the points 
of zero velocity and zero condensation. 

The motion thus described is ciillcd steady motion, and 
its existence is requisite to the continuance of a definite 
note. 


In the case of a tube closed at one end i?, it is clear 
that the end B must be a node, and since tho end A is 
open its density is sensibly that of tho air outside, and we 
may take it to a loop. 

It is therefore evident that the longest possible wave 
for which the motion can bo steady is four times tho length 
of AB'f and tho corresponding sound is the fundamental 
note of the tube. 

Further, AB may bo any odd multiple of the distance 
from a node to a loop, and if AB^ly and X be the length 
of a wave, wo must have 

i=(2n+l)j, 


or X = 


41 

2»+r 


Hence tho notes which can bo produced from AB have 
for their wave lengths, 


4; &C. 
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and, if v be the velocity with which a wave traverses the 
tube, the times of vibration are 

U U U 
V * 3®’ 5v*‘" 

and arc therefore in the ratio of the fractions 




The Notes of a Tuhe open at both ends, 

193. In this case each end is a loop, and there is 
therefore a node between; hence the greatest possible 
wave length is twice the length of tho tube, and further 
the length of the tube must bo some multiple of half the 
length of a \rave. 

X 2? 

Hence f = w* -, and X = —. 

2 ’ m 


The successive waves are therefore 

I ^ 


2f I —^ 


5 » 


&c., 


and tho vibrations in tho ratio of the fractions 



1 

3 ' 


1 


4^ 


It will be observed tliat the fundamental note of tho 
open tube is an octavo higher than that of tho closed tube, 
the wave length for tlie former being half that for the 
latter. 


The Formation qf Nodes and Loops, 

194. Taking the case of a tube IIK dosed at tho end K, 
the aerial particles at the end K are permanently at rest, while 
those at A are in a state of permanent vibration. We have 
stated, as an experimental fact, that a series of waves travelling 
along EK in regular succession are reflected at K and travel in 
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Nodes and Loopih 

the opposite direction; and this fact enables us to account for 
the existence of nodes and loops. 

In order to give the required explanation we must first ex¬ 
plain a method of representing geometrically the state of motion 
of the aerial particles in a wave. 



Take ^4^ as a wave length, and let the ordinates of the 
curve ABODE represent the velocities of the several particles 
parallel to the line AE\ thus NP represents the velocity of the 
particle at N, NP being drawn upwards when the velocity is in 
the direction AE, and downwards when the velocity is iu the 
opposite direction. 

Hence, if ttvo distinct sets of vibrations coexist along a line 
of aerial particles, we can determine the resultant motion by 
drawing the two curves for the two waves, and the algebraic sum 
of the ordinates at any point will represent the resultant velocity 
at that point. 



Imagine now a wave travelling along A B, and impinging on 
the fixed end K\ this wave will be reflected and will travel 
along BA with reversed velocities. 

In the figure the dotted line will represent the reflected 
wave, and the effect of the reflected wave is the same as that of 
a wave B'C travelling iu the direction KA . 

It will be seen from the figure that the velocities at K from 
the two waves are always equal and opposite, and that the re> 
sultant velocity at K is always zero, in accordance with the 
given conditions. In other words, the effect of the fixed end 
K is replaced by the effect of a reversed wave travelling in tiie 
opiiosite direction. 
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It Trill aho be seen that there is‘a succession of points^ 
JT, Zr, jlf,... at which the'yelocity is always zero, and a sue- 
cession K\ Z',... at which the velocity varies between its great¬ 
est values in both directions, the former set of points being 
nodes, and the latter loops. 

Let a dotted line KPLQJM^ he drawn such that its ordinate 
at any point is the algebraic sum of the ordin^es corresponding^ 
to the incident and reflected wave; this dotted line will repre¬ 
sent the state of vibration of the air in the tube at the instant 
considered, and it will be observed that while the points 
ZT, Z, M... are points of permanent rest, all the intermediate 
points represent the positions of aerial particles which vibrate 
steadily, their velocities being zero at regular intervals. 

Thus, the opposing waves may bo so placed that their ex¬ 
tremities d7, Q' may coincide at in the figure this will occur 
when the incident waves have traversed the space and the 
opposing waves the space UK\ and at this instant the velochy 
at K will be zero. Subsequently the two waves travelling 
in opposite directions will produce at K' a velocity double that 
of either, so that the velocity at K' will then be a maximum, 
the interval of time being that during which the vibration has 
traversed a space equal to one-fouith of a wave length. 

It will be now clear that, if a permanent vibration be main¬ 
tained at tiie open end //, a succession of nodes and loops will 
necessarily be foimed in the tube, provided that the wave length 
emitted from the end H is such as to satisfy the condition of 
Art (192). This condition is that the wave length should be 
an odd subniultiple of 4 times the length of the tube. 

In a similar manner, if KH be a tube open at both ends, it 
ia found that a wave or a set of w|kves travelling along UK are 
reflected at A', and traverse the tube in the direction UK. An 
important difference however exists between the two cases; in 
the former case the end AT is a node, in the present case it is 
a loop» the particles of air vibrating freely, and the density bring 
the same (very nearly) as that of the external air. 

A n analogous explanation will account in this case also for 
the formation of nodes and loops. 

In the case of the tube closed at K^ the reflected wave on 
arriving at U is partly emitted into the open air and partly re¬ 
flected, thereby reinforcing the new vibration which ia at the 
instant being excited at if, and aiding to produce another series 
of waves which are again reflected at K. 
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Vibrating Cord, 

The effect which is thus produced bn the ear is that of a 
sustained note, the character of whTch depends on the material 
of which the tube is formed, while its pitch and intensity depend 
solely on the lengths of the constituent wares and the extent of 
the vibrations of the aerial particles. 


The ifotes produced by a Vibrating Cord. 

195. A stretched cord in a state of vibration may 
either oscillate as a whole, fig. (1), or in parts, as in figures 





(2) and (3\ the curved lines representing the actual posi¬ 
tions at ccrtaiii instants of the cord itself. 

In any case the two ends are points of zero velocity or 
nodes, and the wave corresponding to the fundamental 
note has twice the length of the cord for its length on the 
cord. 

In general, if the wave length on the cord bo X', the 
length i of the cord must be some multiple of ~X\ 

i.e. 

The velocity of propagation along the cord will depend 
on its tension, thickness and density; and if o' be this 

velocity the time of vibration is • 

The pitch of the note produced is determined by the 
time of vibration, and tlierefore, if X be the wave length 
produced in air by the vibrations of the cord and thereby 
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convoyed to the^ear as a sound, and v the velocity of pro¬ 
pagation in air, we shall obtain the note by the relation 

X_V 


since the aerial vibrations are performed in the same time 
os those of the cord. 


Hence 


V me" 


and the wave lengths are 




jV . 

e 


3 


Iv p 
2 »’ 


These wave lengths give the series of harmonics pro¬ 
ducible from the cord, and it should be observed that any 
one may bo produced alone, or any number of them may 
exist simultaneously. 


196. Vibration of rods. We know that sounds are 
produced by vibrating rods, and wc can determine the 
scries of notes producible in any skuplo case by the consi¬ 
derations of the preceding articles. A rod fixed at one 
end and free at the other, will harvo for its fundamental 
note a wave length four times its own length, the fixed 
cud corresponding to a node and the free cud to a loop. 

The analogy between a vibrating rod and a vibrating 
column of air will be now seen, but attention must be paid 
to the fact tliat the vibrations of air which produce sound 
are longitudinal, whilo the vibrations of a string are 
transversal, and those of a rod may be either transversal 
or longitudinal. 

A common instance occurs in the humming of a tele¬ 
graph-post, which is probably due to a series of longitu¬ 
dinal vibrations traversing the post in a vertical direction. 

The transmission of sowid through water is analogous 
to the transmission of sound by means of longitudinal 
vibrations along a rod, and is treated theoretically in ex¬ 
actly the same manner. 


197. The pitch qf a note produced by a vibrating cord 
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depends on the tension and substance of the cord, and is 
heightened by an increase of tension; and in a similar 
manner the pitch of a note produced from a rod is found 
to depend on its size and substance. 

This is duo to the fact that the rates of propagation of 
vibrations depend on the characteristics above mentioned, 
and thus a long wave length, traversing a cord or a rod 
very rapidly, may give rise to a short wave length in the 
aerial vibrations which result from those of the cord or the 
rod, and a high-pitched note be produced. 


Unison and Harmony qf Musical Notes. 

19S. Two notes are said to be in unison when the 
times of vibration, or the wave Icngtiis, are tiic same for 
both. 

The harmony of two notes consists in the recurrent 
coincidence, at short intervals, of their constituent vibra¬ 
tions ; thus, if a note and its octave be sounded, the vibra- 
tion belonging to the fundamental note coincides exactly 
with two vibrations of the octave, and the two sounds ore 
said to be in harmony with each other. 

More generally two notes are in harmony when a small 
number of vibrations belonging to one of them coincides 
exactly, in time, with a small number of the vibrations be¬ 
longing to the other. An instance of this is the harmony 
of a note with its fifth in the diatonic scale, three vibror 
lions of the upper note being coincident with two of the 
lower note. 

199. Communication of vibrations. If two dificront 
bodies can vibrate in unison or in harmony with each other, 
that is, if their fundamental notes are either in unison or 
in harmony, it is a known fact that when one is set vi¬ 
brating, the other, if not too far o^ will vibrate also. The 
reason is that the sound waves diverging from one body 
impinge on the other, and when the vibrations of the latter 
can be in harmony with those of the former, the slight 
vibration at first established is maintained and intensified 
by the centinued impulses of the same aerial vibration. 
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Thus a person singing or whistling in a room may some¬ 
times hear notes sounding from thin glass jars or metallic 
tubes, and these notes will always be in harmony with thd 
note originally sounded. 

200. Beats. When a note of a pianoforte is sounded 
a scries of alternations is generally to be noticed in the 
intensity of the sound, these alternations, which are called 
heatSi occurring at regular intervals. 

This phenomenon depends on the fact that there are in 
general two strings to each note, which are intended to be 
exactly in unison with each other. Practically the unison 
is seldom perfect, and hence the two sets of waves do not 
exactly coincide with each other. 

The intensities are however very nearly the same, and 
hence, when the vibrations of the two waves oppose each 
other, a diminution of the intensity results, but when they 
are in the same direction the intensity is increased. 

Suppose that t and r are the times of vibration of the 
two notes; then if x vibrations of one coincide with x+ \ ' 
of the other, we have 

tx—tXx + I), 
t' 


and .*.-; is the interval between the instants of time 

r—T 

at which the vibrations oppose each other, and is therefore 
the period of the beats. 

It is evident that the more nearly r and r' are equal to 
each other, the longer is the period of the beats, and the 
less the number of beats heani while the sound is per¬ 
ceptible. 

Beats are also produced when two notes are very 
nearly in harmony with each other; the explanation is 
the same as for the simple beats above mentioned. 

Tarlinis^ Beats, Again, when two notes are actually 
in concord, a note is sometimes hoard in addition to the 
two notes, and of lower pitch than cither. The jibrations 
of the two notes coincide at regular intervals; these <»in- 

JB,r. a 13^ 
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cidences are Tartini’s beats, and the elTcct of a series of 
^uch beats, at regular and rapidly recurring interrals, is 
that of a note which is grave in comparison with the ori¬ 
ginal notes. This lower note is called a sul>harmonic of 
the two notes by which it is produced. 


Notes. 

Velodty of sound. A calculation from theoretical principles 
of this velocity was made by Newton, and again by Lagrzuige; 
the result obtained was about 916 feet per second. 

This notable discrepancy between fact and tbeoxy remainerl 
unexplained until Laplace remarked that the heat developed by 
.the sudden compression of the air would increase the elasticity, 
and therefore increase the calculated velocity. 

New calculations were made, and the result is in complete 
accordance with fact. 

The theoretical expression is VAr/i (1 + at), wiiere j3 is the co- 
* efficient introduced by the consideration of the heat developed. 

Intensity of sound after traversing pipes. Experiments were 
made by Biot with some water-pipes in Paris, and it was found 
that a whispered conversation could be carried on tijrough a 
pipe 3000 feet in length. 

The use of speaking-tubes in large houses is another illus¬ 
tration of the fact mentioned in Art. (185). 

Vibrating Cords, It is found tliat the velocity with which 
a wave traverses a stretched cord is the some as the velodty 
which would be acquired by a Jicavy body falling through a 
vertical space equal to lialf a length of the cord of which the 
weight is equal to its tension. In other words, if the weight of 
a length I of the cord be equal to its tension, the velocity with 

which a wave travels along it is sfgl. 

The existence of nodes and loops in the case of a cord maj 
be practically manifested by placing on the vibrating cord small 
pieces of paper, cut so as to rest on the cord; those which are 
placed at the nodes will remain on the cord, while those which 
are placed near the loops will be thrown off. ^ 

The Hj^onochxyrd is a simple instrument for trying the ezperi- 
ments just mentioned, and for testing other results of theory. 
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A cord fastened at one end is stretched over a sounding 
boai'd, and passing over a bridge is tightened by a weight at the 
other end •, the tension may bo varied by changing the weight, 
and by means of another bridge, moveable along the board, the 
length of the vibrating portion may be diminished. The notes 
obtained for difEerent lengths and different tensions can be thus 
compared, and the wave lengths for different notes can be di¬ 
rectly measured. 

Practical illustration of the interference of aerial rihrationa. 
T'rom Art. (191) we can see that if two waves, exactly similar 
to each other, travel in the same direction, and one be half a 
wave length behind oc before the other, the result will be a 
permanent quiescence of the aerial particles along the direction 
in which the waves travel. 

This has been shewn visibly by an experiment, which is due 
to Mr Hopkins. 

A straight tube AB branches off at the end B into two por* 

tions BCt BD\ the end A is closed by a tight _ 

membrane and fine sand is scattered over the 
membrane. A vibrating plate of ghiss is placed 
beneath C and 1) so that the two portions im¬ 
mediately beneath C and D shall be in opposite 
2 ikascs of vibration. The waves thus produced 
in CB and I)B traA'erse these branches of the 
tube, and arrive at B in opposite phases, that 
is, one is the half of a wave length before the 
other, and therefore there is theoretically no 
resultant vibration in BA. Practically it is 
found that the sand on A is undisturbed, but, 
if the plate be turned round, the sand is imme¬ 
diately thrown into a state of violent commo¬ 
tion. 


Beats. The theory of beats is given in Smith’s Jlarmonics, 
published in 1749, Tartini’s treatise, in which the sounds called 
by bis name were first discussed, appeared in 1754. 

The diatonic scale. The ordinary or diatonic scale consists of 
a series of notes, for which the times of vibration are in the 
ratio of the numbers in the following table: 

• CDEFGABC 

8 4 3 2 3 8 1 

9* 4» 3» i5» 



13—2 
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or, in other words, the numbers of vibrations per second are in 
the ratio o^ 

9 5 4 3 5 16 „ 

'8* 4’ 3* 2' ‘3* 8 ’ 
that is, of the numbers 

24, 27, 30, 32, 36, 40, 45, 48. 

As a matter of fact the actual number of vibrations corre- 
spondiug to tbe particular O employed as a central note varies 
in different places, and from time to time. As an ordinaiy 
standard for the concert pitch of this note (7, about 128 vibra* 
lions in a second is taken as making tbe note*, and the numbers 
of vibrations for the several notes of the scale are then respec¬ 
tively 

123, 144, 160, 170, 192, 214, 240. 

The range of sounds appreciable by the human ear 
varies for different persons, but in general extends over 
above nine octaves. A series of aerial impulses will pro¬ 
duce the impression of a continuous note when they recur* 
with such rapidity that the car cannot appreciate the suc¬ 
cession of impulses, and it is found that this is the case 
for a wave length of about 68 feet. On the other hand it 
has been found that the highest note which is in general 
appreciable has about eight-fifths of an inch for its wave 
length. 


* Se« Spencer's TrecUiie on Music, in Weale's Series. 
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Tlie equilibrium qf fluids under ilte action of any 

given forces. 

201. In any field of force the measure of the force at 
any point is the force which would be exerted upon the 
unit of mass supposed to be concentrated at that point 

As in Art (10), it can be shewn that the pressure at any 
point is the same in all directions; for if we consider the 
equilibrium of a Tory small prism, the forces at all points 
of the prism will be ultimately equal and parallel, and the 
case then becomes the same as that of a prism under the 
action of gravity. 

202. The measure qf the form at a pointy in a given 
directiony multiplied by the densityy is equal to the rate of 
change, per unit of length, of the pressure in that direc¬ 
tion. 

If P be the point, take any length PQ in the direction 
considered and describe a very thin cylinder about PQ. 

The equilibrium of this cylinder is maintained by the 
pressures on its ends and on its cun'ed surface and by the 
external forces in action. 

Therefore the difference of the pressures on the ends 
P and Q is equal to the force on the cylinder in the 
direction PQ, and, if a bo the cross section, and PQ be 
veiy small, so that its density may be considered uniform, 
and the measure of force, f, the same at all points of PQ, 
we have, takings? and p' the pressures, 

ip'-p)a = pqfPQ, 

Boihat = 

which is the rate of change of pressure. 
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203. Def. Surfaces of equal pressure are surfaces in 
the fluid over which the pressure is constant. 

Surfaces of equal pressure are at every point p&rpen- 
dictdar to the resutling force. 

. To proTe this, consider two consecutiye surfaces of 
equal pressure containing between them a stratum of 
fluid, and let a small circle be described about a point P 
in one surface, and a portion of the fluid cut out by 
normals through its circumference. 

This small cylinder of fluid is kept at rest by tho 
external force and by the pressures on its ends and on its 
circumference. 


The pressures at all points of the circumference being 
equal, the pressures on tho two forces must bo counter¬ 
balanced by tho external force, which must therefore act 
in the direction of these pressures, i.o. perpendicular to the 
surface of equal pressure. 

Again, if d be the distance at P between the consccu- 
tire surfaces, wo have, as before, 

(fd=p'-p. 


so that 


pd^ y. 


and, in the case of a homogeneous liquid, 


204, If in any field of force a particle be in contact 
with a smooth surface, it will be in equilibrium if the 
normal to the surface coincide with the direction of the 
resultant force. 

Surfaces of equilibrium are therefore at all points 
perpendicular to the resultant force. 



If a particle be moved over a surface of equilibrium no 
work is done against the force, and these surfaces are 
therefore surfaces of equal energy, or equipotential surfaces. 
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Burfacea of equal pressure. 

If a particle of mass unit be carried along the normal 
from one surface to another tho work done is/. PQ, which 
is the change of energy and is constant; 

/, PQ is constant 

Surfaces of equal pressure are aho surfaces qf 
density ; 

For pfd is constant and we have just shewn that fd is 
constant, p is constant 

205. Examples. (1) A mass of liquid at rest under 
tlm action of a force to a fixed point mrying as the 
distaneefrmi that point. 

The surfaces of equilibrium, and therefore of equal 
pressure, are clearly concentric spheres, and the free surface 
is a sphere. 



To find the pressure at any point P, take a thin 
cylindrical column from P to the surface and observe that 
its equilibrium is luaintaincd by the pressure at the end 
P counterbalancing tho attractive force. 

If a bo the cross section, OP—r, OA and if pr bo 
the force at the distance r, 

ji?a=force on tho column AP 

=pa{a—r) p\ {a + r), by Leibnitz’s theorem; 

,\p=ipp((i^-r^. 

The Pressure on a diametral plane 
= Force on a hemisphere 

2 o 1 4 

= - pjra»./i.ftpTTfl. 
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(2) Liquid at rest under the action offerees to any 
nuniber qf centres varying as the distance. 

The resulting force is directed to a fixed point and 
varies as the distance from that point; this case is there¬ 
fore the same as the preceding. 

(3) Liquid at rest under the attraction qf a straight 
rodf the molecules of which attract with force varying 
inversdy as the square of the distance. 

If AB be the rod, it can be shewoi by elementary 
geometry that the direction of the resulting attniction at 
any point P bisects the angle APB\ from this it follo^ivs 
that the surfaces of equal pressure are confocal spheroids, 
having their foci at A and B, 



APPENDIX II. 


Wb shall DOW conclude with the solution of some*problems 
of a more extended character than those which have been hitherto 
discussed; to these the student will find that the principles of 
the preceding pages are directly applicable, but that a larger 
demand than before will be made upon his skill in algebraic 
operations. 

(1) Centre of Presmre. A general expression can be ob¬ 
tained for the depth of the centre of pressure of any plana 
area. 

Ldl tiie area be divided by horizontal lines into a number of 
very small portions, and let a be the area of one of these portions 
and z its depth below the surface. 

Then the pressure upon li—gpza, and if z be tbe depth of the 
centre of pressure, we have by the usual formula for the centre 
of a system of parallel forces, 

- _ .2 2 ( 2 ® a) 

Sgpza ^{za) * 

ffp^{za) being the pressure on the whole area. 

Ex. An isosceles triangle is immersed vertically, its base 
being horizontal and its vertex A at a depth c below tlie sur¬ 
face. 

Let AD—lit 

AiV=r^\and 

n n 

the line AD being divided into n equal portions. 

J*P'=2*^tan'^ , and2 = c-f-—, 

» 2 n 

S(2*a):=sfc+-y2r ^tan^ . 

' \ n J 2 


Then 
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Taking the sum from r = 1 to r=n. 



Now 


S(r) = -n(« + l), = | + + 

and S (.•>) = 


.•.S(n»a) = 2i;tan| 


and making n infinite this becomes 

ailsj. -d/c* 2 , h ^\ 

24»tan-(^-+jCA + ^j. 

Also 2 (^pa 2 )=sthe whole pressure 

=5r/)A®tan^^c+|/t^ ; 

. *. the depth of the centre of pressure 

4 

c»+-c^ + ^ 6cS+8c;i + 3A» 


e+^h 


6c+4A 


(2) In the 2ud Example of Art. 53 the actual line of action 
of the fluid pressure may be found by a geometrical process. 
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Suppose OV, tho altitude^of the cone, divided into small 
equal parts NN\ and let horizontal planes through the points of 
division mark out the surface of the semi-cone into a number of 
semicircular rings. 



Let PjV be the radius of one of these rings; tlien the pres¬ 
sure at every point of the ring, and therefore tho resultant 
pressure upon the ring, passes through the point F in the axis, 
PF bqing the normal at P. 

Moreover, the pressure upon the ring ocON (surface of ring) 

ozON.PN, 

tcON.NV, 

But if EK be the normal at P, 

ON.NVooEP,PV, 

ccKF.FVi 

Upon JCVas diameter describe a sphere, and let FQ, be the 
ordinate of the sphere perpendicular to KV , 

KF. FV=Fq\ 

and the pressure on the ring oc FQ^, 

Hence we have to find tho centre of a number of parallel 
forces acting at all points of KF and proportional to the areas of 
the sections of the sphere passing through those points. 

• * 

This is clearly the same as the centre of gravity of the 

sphere, and it is tlierefore the middle point of KV. 

The line of action JtS therefore passes through this middle 
point R in the direction given by the equation 
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tan 9=^ tan a, 

where $ is tlie mclination of iSS to the horizon. 
S IS therefore the centre of pressure. 



To find its position, we have 


^ - RM RV-MV 

-hi/“ilf F.taria' 

• —-l=-tan=a- 
MV ^ 2 ^ ' 


M7^ 


RV 


1 + ^ tan®a 


But ;2F=iA'7=^^F8eca; 

A M 

\ r 7 sec®a 

iSiF=il/Fseca=—. 

1 + ^ tan*a 

(3) One a^mptote of an hyperbola liee in the surface of a 
fluid; it ia retired to flnd the depth of the centre of premure of 
the area included between the immeraed oeymptotCf the curve, and 
two given horizontal lines in the plane of the hyperbola. 

Taking OA, OB as the axes, let PN, P'N* be two lines near 
each other and parallel to OA, 
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The pressure on the small area 

=gpONAn ui.PN,NN^, 



T5ut ON. PN sin w is the area of the parallelogram OMPN, 
the constancy of which is a known property of the hyperbola. 

Hence the pressure on PN' varies as its vertical tliickness, 
and therefore the depth of the centre of pressure of any finite 
area contained between two hori?x}ntal lines, the curve and the 
asymptote, is half the sum of the depths of the horizontal lines. 

(4) Having given the position of the centre of pressure of a 
plane area increased vertically at a given, depths it is required to 
find its position when tJhe area is immersed in the same position to 
any other given depth. 

'' Let K be the position of the centre of pressure when Q the 
centre of gravity is at the depth h. 

If the depth be increased to h\ the increase of pressure on 
the area A is wA{h’ - h) acting at G. 

Take the point K’ in GK such that 

wAh '. GK’=wAh . GKf or GK'=GK ^,; 

«then K' is the Aew centre of pressure. 

(5) A triangular area is immersed with one angvdar point in 
the surfa^; it is require to find its centre of pressure^ 

Dividing the base BC into a large number of equal parts, 
the centre of pressure of an elementary triangle AP will be 

3 

at a point R such that AR=-g AP, P being the middle point of 
the base of the elementary triangle. 
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B 


8 

If AE= -^ A By the centre of pressure, JT, of ABC will be on 
the line EF parallel to BG. 

Further, all the elementary triangles being equal, the pressure 
on ilP will be proportional to the depth of its centre of gravity, 
and therefore will vary as RG, 

Hence it follows that K is the same as the centre of gravity 
of the frustum EF of a triangle, vertex <?, and 

6K{GE^-QF^)^\{QE^-GF^ 

2 GE^+GE.EF-{-GF^_l BB^ + BD.CD + CD^ 
or GK-,y GE^GF ”2’ BD + CD 

If A y be the depths of B and C, 
tte depth of 

(6) We can now by the aid of (4) find the depth, 2 , of the^ 
centre of pressure of a triangle ABC in terms of the depths 
a, By y of its angular points. 

Draw a horizontal plane through A and remove the liquid 
above; then, if s' be the depth of the centre of pressure 
below Ay 

, _ 1 0-g)^ + (/3-tt) ( 7-ft) + (7“-<*)° ^ 

^2 /3 + 7-2a 
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Heplacing the liquid, and taking S for the area, we have 
a new pressure wSa at the centra of gravity, and therefore 

*=„S?±>z!i(,'+o)+wS« —|±3f. 

or 22(a+/3+7)=a®-l-/3®+7® + /S 7 + 7 o + aj3. 

h I be the depths of the middle points of the sides of the 

triangle, 

s (^ + ^ + Z)=7t" + 

(7) . A similar method may be employed to find the 
centre of pressure of a sector of a circle with its centre in the 
surface. 

Taking the case of a sector with one bounding radius (c) 
in the surface, divide the sector into a large numl>er of small 
triangles; the centres of pressure of these triangles will be on 

3 

the arc of a circle of radius ^ c, and it can be shewm, by the 

summation of a trigonometrical series, that the depth of the centre 
of pressure is 

Sc 2tt - sin 2a 
id 1 — cos a ’ 

2a being the angle of the sector. 

(8) A cylindrical vessel, open at the top, is inverted and 
pushed down venically in water; the substance of the vessel being 
of greater density than watm', it is required to prove that, at a 
certain depth, it will be in a position of equilibrium which for 
vertical displacements is unstable. 

As the vessel is forced downwards the pressure of the water 
compresses the air within, and there must be some depth at whieJh 
the air will be so compressed that the weight of the water displaced 
by the vessel and the air is exactly equal to the weight of the 
vessel and air together. At this point there will be equilibrium; 
but, if the vessel be slightly lifted, the air within ■will expand, 
and the weight of water displaced will be too great for equi¬ 
librium ; hence the vessel will ascend. If on the other band it 
be slightly depressed, a further compression of the air vdll take 
place, and the vessel will then descend. 

(9) A square lamina floats with its plane vertical and one 
angular point below the surface; it is required to find its positions 
of equilibrium. 

Let PQ be the surface of the liquid, Q the centre of gravity 
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of the square, and JST of the liquid displaced, E being the middle 
point of FQ. 



Then, if 0P = Xf and OQ=j/, and if p, tr be the densities of 
the liquid and the lamina, and 2a the side of the square, 

^/)5cy=4<ra®, or a;y=8 suppose. 

M P 

Wekavd now to express the condition that GH is vertical. 
Draw -£rAr*perpendicuIar to OP ; 

Then 0N= ^ sc, and IIN= | y. 

Hence, if (7Jf, HL be perpendicular and parallel to OPf the 
tangent of the angle which HO makes with OP 

• 1 

_OL GM-BN 

OM~ "l" i 

a— g X 

but ibis angle is the complement of OPQ, of which the co¬ 
tangent is ^; 

8a~« X 
$a-x~y* 
or a;*-y’aB3a(ac-y). 
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This equation gives 


as+y=3o. 


The first result gives the symmetrical position of equflibriam, 
for which x—y — c. 

From the second, 

»+- =30, 




Hence, if ^ > c®, L e. if - > , there are two other posi- 

4 * o 9 * 

tions of equilibrium. 

D 32 

If ^ = —, it will be seen that these three positions coin* 
dde. 


(10) A vessel in the form of a paraboloid is immersed vnth its 
open, end downwards, in a trough of mercury. Supposing the 
length of the axis of the vessel to he to the height of the barometer 
ets 45 is to G4, it is required to find the depth of the surfoioe 
of the mercury within the vessel when the whole vessel is jtat 
immersed. 

Let ^ Af be the height of the vessel, and h the height of the 
barometer; then 



If PN be the surface of the mercury within the vessel, and 
n' the pressiire of the air within, 

n' __ volume AQhf __ A M* ^ 

H volume aPN *“ * 

but andn=( 7 oA; 


B. B. H. 


14 
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.*.i if 

hfx 

h '~\u) ar»’ 
orx?+Ajf®=: h\ 

* Sr as 

Writing — for this becomes 

8^ + 16s*ss45*, 
from which we find easily by trial s=9, 

and AN!=f-h, 
10 


(11) A cylindiical vessel contains a given quantity of fluid. 
In this fluid is placed another cylindrical vessel of half the 
diameter of the first and containing half the qu:mtity of fluid 
which is of half the specific gravity of that in the first vessel 
In this second vessel is placed a third related to the second as 
the second is to the first; and so on indofiuitcly. Find the dis¬ 
tance between the surfaces of the first and fluids, neglecting 
the weights of the vessels. 

Pf ^ Pi ^2 Pf I'he densities, 

1 1 * 

r, . the radii, and 


Ag, Ag, . the heights of fluid in the respective 

cylinders. 

Thear’i.=2(0*A, = 2*(f.)\.= 2"-* h.; 

A,=2*-»A. 


If Vf the whole weight of fluid in all the cylinders 

beginning with the second 


!• 
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This whole weight is floating in the fluid of tlie first cylinder, 
and therefore if z be the depth immersed of the second cylinder, 

"I *1 

gpvr^K 

whence z=\h. 

O 

But the effect of this immersion is to raise the surface in the 
first cylinder to a certain height x such that 

p 

vr-x — v —-=sirr®A, 

4 

4 , 

or «=-/<.. 

o 

The base of the second cylinder therefore just descends to 
the base of the first, and the same is the case with all the suc¬ 
cessive cylinitTs. 

Iloncc the successive heights of the surfaces above the base 
are 

4 4 4 

-A. -2A. 22A, &c. 

and the required distance is 

(] 'J) A straight tube A BCD of small bore is bent at B and C 
RO as to make ABC and BCD right angles, AB being equal to 
CD. The tube thus formed is moveable in a vertical plane 
about its centre of gravity, and being placed with BC hoiizontal 
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and downwards, water is poured in (at or so that c la the 
length of BA or^ CD occupied by the fluid. It is required to 
determine the condition of stability. 

Let .fi6'=:2a/and take h as the distance of Q, the centre of 
gravity of the tube, from BC^ and P, as the surfaces oi 
the water. 

Turn the tube throij^h a small angle Q so that P\ Q' are 
the new surfaces, and therefore 

PP'=Q.Q'=a tan &, 

If the moment of the weight of the water about 0 he in 
the direction opposite to the displacement, the equilibrium will 
be stable. 

Taking jc as the area of a section of the tube, this moment 

—gpK {2a&sin +(c-atan (?) itW- (c + a tan 0)B' N'], 

Ef E being the middle points of P*B^ Q!C\ EN' perpen¬ 
diculars on the new vertical through' 0, and PL perpendicular 
to EN, 

But EN— LN+ B^cos 0 - EB sin 0 

s=hBia0+acoB0—^ (c - a tan ^ sin 

A 

* and J?'iV''=socos(9 + ^ (c + otan^)Bint?-&Bintf. 

ji 

Hence, supposing 0 very small, 8ln0=^, cos9=sl, and the 
moment 

=gpK^2ahd + {G-a0) (h0-^a-^ -(c+o0) 

^gpK (2a&^+ 2hc0 - - 2a*tf), 

and this is positive if 

^ah + 2ftc> 2a*+ c®, 

or ^-26c+5*<6*+2o5-2a*. 

If ot, this leads to 

ip<&+ 2a6-2o*, 

e<hj to 



e>h~ 2o6-2o*, 
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If we suppose the ends A . D| joined by a continuance of the 
tube and the figure ABCD to be a square, and the con* 
dition is simply 

c<2a, 

so that in this case the equilibrium is always stable. 


(13) A rectangular lamina floats with two of its sides ver¬ 
tical in a liquid; it is required to 
determine when the equilibrium is 
stable for a small angular displace¬ 
ment such that the volume of liquid 
displaced remains unchanged. 

In the figure let PQ, be the line 
in the surface, and the line in 

the suiface in the displaced poai- » , « , 

tion; H the centre of gravity of ^ 
the liquid displaced in the position P \t. ^ Q 

of equilibrium, and A', L the cen¬ 
tres of gravity of the triangles 
AQQ', EPP\ 

Draw UN^ KM^ LM' perpen¬ 
dicular to the horizontal lino through <?. 


m 

1 

s 

SB 

lUHHIK 



Then, if GA=\ EA—e^ and 0=:the small angle 

QPQ", the moment about 6?, tending to turn the rectangle back 
to its original position, 

=gp (ij . GM+ ? . GM'-2ac . GN ^, 

h\iXGM^%a, — E0.9f GM*=^a-\-EG>dj aixAGN^IIQ.B\ 
o ' o 

. the moment =:pp 
which is positive if 


- a^-2ac$. HG 
A 


■ 


or 


- c a* 
^" 2 "^ 3c' 


liet m be the point in which the line of action of the fluid 
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presBure after displacement meets HG ; then the tdoment above 
considered is equal to 

gp2ac $. Gm, 

and, equating* the two expressions, we obtain 

I o* - 2acffG=2ae {Hm - HCf ); 

U 



This point m is the mdacetUrtf and we thus see that the 
stability depends on the position of this point with regard to Qf 
as in Art. 63. 

(14) A cijlindrical vesselj containing liquid, is raised up- 
wards from rest with a given acceleration; it is required to deter¬ 
mine the pressure at any point of the liquid. 

The acceleration here supposed may be obtained by attaching 
the vessel to a string passing over a fixed pulley, and having a 
weight at its other end; but, however the acceleration be ob¬ 
tained, the fact to be considered is that every clement of the 
liquid ascends with a constant acceleration. 

Taking P a point in the surface, imagine a thin prism PQ, of 
the liquid to become rigid, and observe that its vertical accele¬ 
ration is caused by the pressure of the liquid on the cud Q, the 
atmospheric pressure on the end P, and the weight of the 
prism. 

If PQ=e, p=the pressure at Q, ic = tho area of a section of 
the prism, and /—the given acceleration, we obtain, by aid of 
the second law of motion, 

psKf=pK - IIk - grzK; 

.\p=Il-rps{g+f). 

Hence the whole pressure and the resultant pressure on the 
Hurface may be obtained as in the case of a liquid at rest, writing 
g+ftorg. 

(15) A closed vessel, just filed with liquid, slides down a 
smooth inclined plane; when the liquid is in a state of relative 
equilibrium it is required to find the pressure at any point and the 
surfaces of equal pressure. 
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Every element of the liquid moves in a straight line vnth a 
constant acceleration g sin a, and since the forces on any eile> 
mcnt are the resultant fluid pressure upon it and its wdght, it 
follows that the resultant of these forces is mg sin a, parallel to 
the plane, m being the mass of the element. 

It is hence easy to see that the resultant pressure is perpen* 
dicular to the plane and is equal to mg cos a. 

Whatever be the shape of the element, the resultant fluid 
pressure upon it in tlie direction parallel to the plane is zeib, and 
therefore it follows that the surfaces of equal pressure are planes 
parallel to the inclined plane, and that the surface of the liquid 
is the plane through its highest point parallel to the inclined 
plane. 

If there be no air within the vessel the pressure at the sur¬ 
face is zero, it being given that the vessel is only just filled, or, 
which is the same thing, just not filled. 

Taking z as the depth of a point in the liquid below the sur¬ 
face thus defined, and drawing a thin cylinder or prism from 
this point to the surface, the pressure on the base will be the 
resolved part of the weight of the prism perpendicular to the 
plane, and, as before, 

'pK=gpzKcofaf 

Of p=gpzQoe a. 

As in the previous Article the whole pressure and resultant * 
pressure may be obtained, employing g cos a for g. 

The reasoning employed in this and the preceding example is 
applicable to any analogous case, that is, to any case in which 
the fluid, while bodily in motion, is within its own mass in a 
state of relative equilibrium. 



MISCELLANEOUS PROBLEMS. 


A triangle ABC is immersed in a fluid, its plane being 
Terticab and the side .dJ? in the surface. If 0 be the centre of 
the circumscribing circle, prove that pressure on triangle OCA : 
pressure on triangle OCB :: 8in2i? : 8m2d. 

V 2. Water is gently poured into a vessel of any form; prove 
that when so much water has been poured in that the centre of 
graidty of the vessel and water is in the lowest possible position, 
it will be in the surface of the water. 

8. A closed hollow cone is just filled with liquid, and is 
placed with its vertex upwards ; divide its curved surface by a 
horizontal plane into two parts on which the whole pressures 
are equal. 

Also do the same when the vertex is downwards. 

4. If the cone be placed on its sidq|,on a horizontal table, 
compare the whole pressures on the curved surface and the base. 

5. A triangle ABC has its plane vertical and the side AB 
in the surface of a liquid; divide it by straight lines drawn from 
A into n triangles on each of which the pressure shall be the 
same. 

6. A solid displaces ^| and ^ of its volume respectively 

when it floats in 3 different fluids ; find the volume it displaces 
when it floats in a mixture formed, 1st, of equal volumes of the 
fluids, 2nd, of equal weights of the fluids. 

A float is made by attaching to a hemisphere (radius r) 
a cone of the same base, and axis of length 2r. If this will 
float in a fluid A with the cone just immersed, and in a fluid B 
with the hemisphere just immersed, compare the densities of A 

andB, 
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^ 8 . Oompare the whole pressures on the curved surface and 4 
plane base of a solid hemisphere, radius r, immersed in water 
with its base horizoutal and at a depth {r). 

Note. The centre of gravity of the portion of the surface of 
a sphere contained between two parallel planes which intersect 
or touch the surface is equidistant from the planes. 

9. A parabolic lamina floats in a liquid with its axis vertical 
and vertex downwards; having given the densities, <r, p, and 
' the height {h) of the parabola, find the depth to which its vertex 
is immersed. 


10. A heavy sphere, weight W, is placed in a vertical 
cylinder, filled with atmospheric air, which it exactly fits. Find 
i the density of the air in the cylinder when the sphere is in a 
pwition of permanent rest, r being the radius and h the height 
of toe cylinder. 


11. If half a second be the unit of time, and the acceleration 
of a falling body that of acceleration, determine the ratio of the 
unit of density to the density of distilled water, in order that the 
formula, gpsj^'jnA,y give the pressure in pounds. 


L cone,* of given weight and volume, floats in a given 
L its veriSx^downwards; shew that the surface of the 


13. A 

fluid with 

cone in contact yi|^ jthe fluid is least, when the vertical angle of 

the cone is 2 tan”^ —, - • 

. n/2‘ 


13. A hollow sphere is filled with fluid and a plane drawn 
through the centre divides the surface into two parts, the total 
normal pressures upon which are as m : 1 ; find the position of 
the plane and the greatest and least values of in. 


14. A uniform tube is bent into the form of a parabola, and 
placed with its vertex downwards and axis vertical: supposing 
any quantities of two fluids of densities p, p' to be poured into it, 
and 1 ', r' to be the distances of the two free surfaces respectively 
from the focus, then the distance of the common surface from 

the focus will be -^-—— . 

p-p 

Vis. If water be the standard substance, 4 feet the unit of 
length, and 2 seconds the unit of time, find the unit of weight 
in the equation W=gpVf assumii^ 32 as the value, of g when a 
foot and a second are units. 
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16. If there be n fluids arranged in strata of equal thickness, 
and the density of the uppermost be p, of the next 2p, and so on, 
that of the last being np; find the pressure at the lowest point 
of the stratum, and thence prove that the pressure at any 
point within a fluid whose density vaiios as the depth is proper* 
tional to the square of the depth. 

17. A fine tube, bent into the form of an equilateral trian¬ 
gle with its vertex upwards and base horizontal, contains equal 
quantities of two liquids, each liqui<l filling a length of. the tube 
equal to a side of the triangle. Prove that the height of the 
surface of the lighter fluid above that of the heavier : the alti¬ 
tude of the triivngle ;:/>'-/> : p' +p, p and p' being the den¬ 
sities. 


18. A cylinder is filled with equal volumes of n different 
fluids which do not mix; the density of the uppermost is p, of 
the next 2p, and so on, that of the lowest being np ; shew that 
the whole pressures on the different portions of the curved sur¬ 
face of the cylinder arc in the ratio 

12 ; 22 ; 32 

19. Equal volumes of n fluids are disposed in layers In a 
vertical cylinder, the densities of the layer's, commencing with 

the highest, being as 1 : 2 :.: n ; find the whole pressure on 

the cylinder, and deduce the corresponding expression for the 
case of a fluid in which the increase of density vanes as the 
depth. 

Also, if the n fluids be all mixed together, shew that the 
pressure on the curved surface of the cylinder will be increased 
in the ratio 3» : 2» +1. 


20. A hollow cone floats with its vertex downwards in a 
cylindrical vessel containing water. In the position of equili¬ 
brium the area of the circle in which the cone is intersected by 
the surface of the fluid bears to the base of the cylinder the 


ratio of 6 : 19. 


19 

Prove that, if a volume of water equal to -- ths 

8 


of the volume originally displaced by the enne be poured into 
the cone, and an equal volume into the cylinder, the position in 
space of the cone will remain unaltered. ^ 

^21. A body is wholly immersed in a liquid and is capable of 
motion about a horizontal axis. It is found that the total pres¬ 
sure of the fluid on the surface is increased by A when the body 
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is turned through on© right angle, and further increased by Bn 
when it is turned through another right angle. Prove that the 
difference between the greatest and least pressures on the sur> 
face is V 2{A'-‘ + 

22. A frustum of a right cone, formed by a plane parallel 
to the base and bisecting the axis, is closed and filled with fluid 
by means of a thin vertical pipe, which is also filled. If the top 
of this pipe be on a level with the vertex of the cone, find the 
w])ole pressure on the curved surface, and if this bear to the 
pressure on the base the ratio of 7 to (J, find the vertical angle of 
the cone. 

23. If in the last example the base be removed, and the 
vessel then placed on a horizontal plane, and filled to the top of 
the pipe, find the least weight of the vessel which will prevent 
its being lifted. 

24. An open cylindrical vessel, axis vertical, contains water, 
and a cone the radius of which is equal to that of the cylinder 
is placed in the Wtiter vertex downwards. Prove that, in the 
position of equilibrium, if the density of the cone be onc-eighth. 
of the den's!ty of water, the surface of the water will be raised 
above its original level through a height equal to one-twenty- 
fourth the height of the cone. . 

^5. A solid cone of wood (density <r) rests with its base 
on the plane base of a large ves.sel, and water (density p) is then 
poured in to a given height; B a piece of the same wood is then 
attached by a string to the vertex of the cone so as to be wholly 
immersed; find what the size of the piece must be iu order that it 
may juiit raise the cone. 

26. An elliptic lamina floats with its plane vertical in a 
liquid of twice the density of the lamina, Ist, with its axis ver¬ 
tical, 2iidly, with its axis horizontal; determine in each case 
whether the equilibrium is stable or unstable, the lamina being 
displaced in its own plane. 

27. A regular tetrahedron has one of its faces removed 
and is filled with fluid ; the other faces, which are capable of 
moving round the lowest point, are kept together by mean© of 
strings which join the middle points of the horizontal edges of 
the vessel; shew that the tension of the stiings is to the weight 

of the fluid as ^3 to 
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28. A number of weights of different densities are attached 
to points of a thin weightless rod. Find the density of the fluid 
in which it is possible for them to rest, when all are totally im* 
mersed. 

If there be three weights TTi, PTa, W 3 , of densities p,, pa, pj, 
respectively, and x, y be the distances of PTa from Wa, the 
middle weight, shew that, in order that the system may rest in 
equilibrium in any position when totally immersed in the cor¬ 
responding fluid, the following condition must hold true. 


(- - 
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29. Two heavy liquids rest in equilibrium, one on the top 
of the other; one extremity of a heavy rod of length (a) is fixed 
at a given depth (c) in the lower liquid, and the other end reaches 
into the upper liquid. X''ind the positions* of equilibrium^ and 
determine whutlier they ore stable or unstable. 

30. A gla?s cylindrical vessel is inverted and plunged into 

water; by inclining the vessel half the air is allowed to escape, 
and the cylinder is then held vertically with the open end im¬ 
mersed and raised until one-fourth only of its length id h^low 
the suifacc; find the heiglit of the water within. '' 

31. A parallelogram is immersed in a fluid with a diagonal 
vertical, one extremity of which is in the surface of tho fluid. 
Through this point lines are drawn dividing tho parallelogram 
into three equal parts. Compare the pressures on these three 
parts; and, if P.j be the pressure on the middle part, and Pi Pa 
those on the other two, provo that 

lCPa=ll(Pi-l-P3). 

32. If a solid right cone whose angle is 2 a be immersed in 
a liquid with its vertex in the surface and axis vertical, prove 
that if P be the whole pressure on the curved surface and base, 
and P^ the resultant pressure, 

P _ 2+ 3 sin a 

P'~ 8 ino“ * 

Also, determine this ratio when the axis is inclined at an 
angle 0 to the vertical, d being less than the complement of a. 

83. Three faces of a regular tetrahedron, which rests with 
the remaining face on a horizontal table, are heavy plates capa- 
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Ud of moving about their horizontal edges. If they fit accu¬ 
rately and the tetrahedron be filled with flnid through a email 
hole at the vertex, shew that it will hold together if the ratio of 
the weight of each plate to the weight of the contained fluid be 
not less than 9 to 2. 

84. A vertical cylinder is closed by an airtight piston, and 
when the piston is at the top of the cylinder it is filled with 
vapour at a given pressure: if temperature be such as would 
maintain vapour of three times the density, find tlie least weight 
of the piston which will not condense the whole of the vapour. 

35. If a Differential Therinometor be constructed with un¬ 
equal bulbs, will it shew any indication of a change of tempera¬ 
ture to which both bulbs are subject ? 

36. A thin conical surface (weight W) just sinks to the 
surface of a fluid when imtuersed with its open cud downwards; 
but when immersed with its vertex downwards a weight equal to 
mW must be placed within it to make it sink to the same depth 
as before. Shew that if a be the length of the axis, and K the 
height of a column of the fluid, the weight of which equals the 
atmospheric pressure, 


a 1 V. 1 

y = — \/ 1 -1' - . 
ft TO V TO 

87. If A be the area of the section of each pump of a fire 
engine, I the length of the stroke, n the number of strokes per 
minute, £ the area of the hose, find the me:in velocity with 
which the water rushes out. 

§ 

33. A piston without weight fits into a vertical cylinder, 
closed at its base and filled with air, and is initially at the top of 
tlTe cylinder; water being poured slowly on the top of the piston, 
find how much can be poured in before it will run over. Ex¬ 
plain the case in vrhich the height of the cylinder is less than 
the height of the water barometer. 

89. Witliin a cylinder of height a, open at the top, is placed 
another cylinder of the same height, and half the content, closed 
at the top, and a quantity of mercuiy sufficient to fill the inte¬ 
rior cylinder is poured into the exterior. If x and y be the dis- 
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tances of the sarfaces In the two cylinders from the top, prove 
that 


\{y-x)=h, 

and find x and y ; h being the height of the mercury barometer. 

^40. The sides of a rectangle are in the ratio ir : 4, and 
semicircles are described on the longer sides as diameters. Prove 
that, if the rectangle be itninersed in water, with one of the 
shorter sides in the surface, the pressure on the two parts exf- 
temal to both semicircles will together be equal to that on the 
part common to them. 

41. A plane rectangular lamina is bent into the form of a 
cylindrical surface of which the transverse section is a rectan¬ 
gular hyperbola. If it be now immersed in water so that rir.st 
the transverse, secondly the conjugate, axes of tiie Inpciholic 
sections be in the surface, prove that the Jjurizontal pressuri} on 
any the same immersed surface will be in the two cases the 
same. 


42. A double funnel formed by joining two equal hollow 
cones at their vertices stands upon a horizontal plane with the 
common axis vertical, and fiuid is poured in until its surface 
bisects the axis of the upper cone. If the fluid bo now on the 
point of escaping between the iow'er cone and the plane, prove 
that the weight of either cone is to that of the fluid it can hold 
as 27 : 16. 

43. A square laxamo. ABCD^ which is immersed in water, 
has the side AB in the surface; draw a line B£ to a point E in 

such that the pressures on the two portions may be eqiiab 
Prove that, if this be the case, the distance between the centres 

of pressure : the side of th^ square :: ^: 48. 

44. A cubical vessel, having one of its vertical sides move- 
able about a hinge in the ba>se, is filled with W'ator, the move* 
able side inclining inwards; prove that .the tangent of its in¬ 
clination to the horizon is to unity as the weight of the side is to 
the wtdght of the water contained by the vessel when the side is 
vertical. 

45. A semicircular area is immersed in a liquid with its 
hounding diameter in tho surface; find the pressure on any por- 
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tioti of the area contained between two radii, and find the area 
contained between tlie surface and a radius such that the pres¬ 
sure upon it may be one-fourth of the pressure upon the whole. 

46. A vertical cylinder is filled with liquid; find the centre 
of pressuro of tho portion of its curved surface contained be¬ 
tween two vertical planes through the axis. 

47. Find the centre of prt-ssuro of the surface containod 
between two planes drawn tlirough a radius of the top of the 
Qvliuder, and through the extremities of that diameter of the 
base which is perpendicular to the radius. 

Also, find the centre of pressure of the same surface when 
the cylinder is inverted. 

48. A solid, in the form of a right pjrramid, the base of 
which is a regular polygon of n sides, is completely immersed in 
a liquid, with its base vertical; find the direction and'magnitude 
of the resultant pressure on its inclined surfaces. 

Solve the same question when the base is inclined to the ver¬ 
tical at a given angle. 

49. An oblique cone on a circular base is completely im¬ 
mersed in water with its base vcitical; find the resultaut pres¬ 
sure on the curved surface. 

50. A vessel in tho form of an oblique cone on a circular 
base is held with its base horizontal and vertlx downwards and 
IS filled wilh liquid; find the resultant pressure on the surface 
and its point of action. 

51. If a parabolic area be just immersed in water, and be 
turned about iii a vertical plane so that the surface is always a 
tangent, prove that the centre of pressure of the port above a 
fixed horizontal plane lies in the diameter thrqjugh the point of 
contact and. at a given distance from that point. 

52. A portion of a right circular cone cut off by a plane 
through the axis and a plane perpendicular to the axis is im¬ 
mersed in fluid with the vertex in the surface, and axis vertical; 
shew that the resultant horizontal pressure on any part of the 
curved surface intercepted between two horizont^ planes will 
pass through the centre of gravity of the intercepted portion of 
the cone. 

53. In exhausting a receiver by an air-pump a clond is 
sometimes seen in the receiver; explain the cause of this. 
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54. A hollow sphere is just filled with liquid; find the line 
of action and magnitude of the resultant pressures on either of 
the portions into which it is divided by a vertical plane through 
ite centre. 

55. A hollow cone, vertex downwards, is filled with liquid; 
find the direction and magnitude of the resultant pressure on the 
portion of its surface contained between two vertical planes 
through its axis. 


56. Solve the same question when the vertex of the cone is 
upwards. 

< 

57. A hollow cylinder is closed at one end and open at the 
other, and a fixed stop perpendicular to the axis divides the 
cylinder into two equal parts cutting off the communication be¬ 
tween the parts; the weight of the whole cylinder is half the 
weight of the water which it would contain. Prove that if the 
cylinder be placed mouth downwards in water the depth of the 
stop in the position of rest will he only half us great as if a hole 
had been made in the stop. 


^58. If a thermometer plunged incompletely in a liquid 
whose temperature is required indicate a temperature t, and r be 
that of the air, the column not immersed being m degrees, prove 


that the correction to be applied is 


m(t-r) 1 

6T80+t -»»* 6M 


being 


the expansion of dkercury in glass for I'* of temperature, assum¬ 
ing that, the temperature of the mercury in each part is that of 
the medium which surrounds it. 


59. A weightless cone is very nearly filled with liquid and 
inverted on a horizontal table; the liquid is made to rotate with 
an angular velocity or, and the pressure required to keep the 
cone in contact with the table is equal to three times the weight 
of the liquid; prove that 

w=2cota 

where A is the height of the cone, and a the semi vertical angle. 



60. A right circular cone is constrained to rest in a fluid 
with its axis horizontal and the highest point C of its base in the 
enzfaoe of the fluid. Find the magnitude and direction of the 
resultant fluid pressure on the curved surface of the cone, and 
detenuine the vertical angle of the cone when the direction id 
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this presfmre (1) passes through O, (2) is parallel to a generating 
line. Shew also that its direction can never be perpendicular to 
a generating line. 

61. A conical vessel, having its vertex downwards, is filled 
with two liquids which do not mix, their common surface bisect¬ 
ing the axis; compare the whole pressures on the two portions of 
the surface. 

62. A tube, in the form of an equilateral, triangle, is filled 
' with equal volumes of three liquids, the densities of which are 

as 1 : 2 : 3; if the tube be held with one side horizontal, and 
the opposite angle upwards, prove that the common surfaces of 
the liquids divide the sides in the ratio 1 : 2. 

63. An open hemispherical cup, filled with water, is placed 
on a horizontal table, and the whole is made to rotate uniformly 
about its vertical radius; prove that the pressure on the table 
: the original weight of liquid :: Sg-^urr: Sy. 

64. A hollow vessel in the shape of a wedge of a cylinder, 
formed by two planes through its axis, is tilled with water and 
closed at the top; it is then made to rotate uniformly about the 
axis, wbicli is vertical; find the pressure on the top. 

65. In the previous problem find ^he whole pressure on the 
curved surface of the cylinder. 

66 . An isosceles triangular prism, the vertical angle of 
which is a right angle, floats in water with its edge horizontal,^ 
and its base above the surface, find its positions of equilibrium. 

^67. A cone is totally immersed in a fluid, the depth of the 
centre of its base being given. Prove that P, P", P'\ being the 
resultant pressures on its convex surface, when the sines of the 
inclination of its axis to the horizon are 8, s', s", respectively, 

' p2^s'-s") + P'2(s"-«)+P"^(«-s')=0. 

68 . A hollow cone filled with liquid is suspended freely 
from a point in the rim of its base; prove that the total pres- 
sureeTon the curved surface and the base are in the ratio 

1 + 11 ain*o ; 12 siu^a. 

69. A hollow cone without weight, closed and filled with 
water, is suspended from a point in the rim of its base; if ^ be 

15 


B. E. H. 
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the angle which the direction of the resultant pressure on the 
curved surface makes with the vertical, and a the semi-veiliical 
angle of the cone, prove that 

. ^ 28 cot a+cot® a 

cot«=-g-. 

70. A heavy uniform chain is suspended from its two ends 
under water; prove that its form will be the same as if suspended 
in air. 


71. An open conical shell, the weight of which may be 
neglected, is filled with water, and is then suspended from a 
point in the rim, and allowed gradually to take its position of 


equilibrium; prove that, if the vertical angle be cos ^ 


2 

3 * 


the 


surface of the water will divide the generating line through the 
point of suspension in the ratio of 2 : 1. 


72. A tube of sm.'iU bore in the form of an ellipse is half 
filled with equal volumes of two fluids which do not mix; find 
in what manner the tube must be placed in order that the free 
surfaces of the two fluids may be the extremities of the minor 
axis. 


73. If any carved surface, having for its base a plane area 
A and enclosing a volume T, be totally immersed in a fluid, find 
the resultant pressure on the curved surface, when the depth of 
the centre of gravity, and the inclination to the horizon, of the 
plane of the base are given. 

If JP21 ^9} be these resultant pressures when the depths of 
the centre of gravity of the base, in a fluid of density p, are x,j^z 
respectively, and tlie inclinations of the base to the horizon are 
the same, shew that 

P^i?~y)+P2{x-z) +P^{y-x) =r)fV^®(2-y)(a;-z)(y-a!). 

74. * A heavy chain is suspended from two points and hangs 
partly immersed in a fluid; shew that the curvatures of the 
portions just inftide and just outside the surface of fluid are os 
p-a : Pf p and <r being the densities of the chain and fluid. 

« 

75. Close to the base of a vertical cylinder there is a small 
aperture turned upwards as in the figure, Art. I7G, but. instead 
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of the Burface in the cylinder being free, a heavy piston resta 
upon it; find the height to which the jet liseB. 

76. A ball of lead is let fall in water; assuming that the 
pressure of the water is the same as if the ball were not in mo* 
tion, find its velocity at any given depth. 

77. A weightless inextensible envelope full of air floats in 
equilibrium in the receiver of an air-pump; find the velocity of 
its descent after n strokes of the piston, supposed instantaneous, 
•and made at equal intervals. 

78. If the volume of the receiver be n times that of the 
piston, and if v be the limit of the above velocity when n is infi¬ 
nite, and v' the velocity which would have been obtained in vacuo 
in the same time, shew that v'z=cv. 


79. A spherical bubble of air ascends in water; having its 
Bi 2 se at depth a, find its size when its depth is a. 


80. A vertical cylinder containing water is made to rotate 

with a uniform angular velocity about its axis: if >th of the 

n 

axis of the cylinder was above the surface before the rotation 
commenced, shew that the greatest angular velocity that can be 
given to the cylinder, without causing any of the water to leave 
the cylinder, is 

a\n J * 

where Ji is tho height of the cylinder, and a the radius of ita 
base. 

81. A bent tube A BO contains fluid, and the tube rotates 
Duiformly with an angular velocity « about the leg AB, which is 
Vertical: find the posidou of equilibrium of the fluid. 

If 2 be the whole length of tube occupied by the fluid, and 

the angle ABC^a, examine the cose in which .|-.cot^^. 


82. Two equal uniform rods AB, AC are rigidly connected 
at Af and the system floats symmetrically with the point A 
downwards. 


15—2 
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If a be the length of each rod, and c the lengtii of each im¬ 
mersed, prove that the equilibrium will be stable fur a small an¬ 
gular displacement in the vertical plane, of the rods if 

, c (3 -cob &r)>a (1 + 008 e;)y 

where u is the angle BA:C. 

83. A hollow vertical polygonal' prism, open at both ends, 
rests upon a horizontal plane; every two contiguous faces are 
moveable about their common edge. Supposing the prism to be 
in equilibrium, when filled with fluid, prove that 

Cj C 3 

eiu ttj sin sin 

O 2 , 03 ,... being the angles of a transverse section 
...A»Aif and Cl, Ca, Cs,...denoting the lines A^Ag^ A^Ag^ A^A^... 

84. Two cylindrical vessels containing water are suspended 
with their axes vertical to the ends of a string passing over a 
fixed smooth pulley in a vertical plane; neglecting the weights of 
the vessels, compare the whole ])rc.tsures, during the motion, on 
the curved surfaces of the cylinders. 

85. Tlirough the plane vertical side of a vessel containing 
fluid, small holes are bored in the circumference of a circle, 
which has its highest point in the surface of the fluid; shew 
that the trace ot the issuing fluid on a horizontal plane through 
the lowest point of the circle is two straight lines. 

86 . A tuning fork held over a glass jar of a certain depth 
has its sound greatly augmented; but a jar an inch deeper, or 
an inch shallower, produces but a slight augmentation. Why is 
this the case! 

87. On clapping your hands near a long railing, a sound L 
heard resembling that produced by the swift passage of a switch 
through the air; state the cause of this sound. 

88 . A hollow cone, vertex downwards, and containing 
liquid, is attached to a string passing over a pulley and support¬ 
ing at its other end a given weight: determine the motion and 
find the whole pressure of the fluid on the cone and also the 
resultant pressure. 
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89. Two vessels contain air having the same pressure II but 
different temperatures t, t'; the temperature of each being in< 
creased by the same quantity, find which has its pressure most 
increased. 

If the vessels be of the same size, and the air in one be forced 
into the other, find the pressure of the mixture at a temperature 
zero. 

90. The temperature of the air in an extensible spherical 
.envelope is gra<lually raised from 0^ to and the envelope is 
allowed to expand till its radius is n times its original length; 
compare the pressure of the air in the two cases. 

91. A cylindrical vessel, closed at both ends, and placed so 
that its axis is vertical, is lialf filled with mercury at a tempera¬ 
ture 0® C, the remaining space being occupied by air at the same 
temperature. The expansion of moiciiry between the tempera¬ 
tures 0® and 100® C being *018 of its original volume, and that 
of air '3605 of its original volume for tlio same pressure, shew 
that if the temperature be raised to 20® (7 the pressure of tho 
air will be increased in ttre ratio 1 0772 ; 1. 

92. If a given body lose in jiir, w'hen the height of the 
barometric column is h, the part of its weight, find what 
part of its weight it will lose when the height of the barometric 
column is II, 

93. The specific gravity of mercury compared with that of 
water at 08® is 13'o68 and at 212® is 13'704. If the expansion 

of mercury between these points be ^tli of its volume at the 

low'cr temperature, find that of water between the same points. 

94. A hemispherical bowl i.s filled with water; if the internal 
surface be divided by horizontal planes into n portions, on each 
of which the whole pressure is the same, and k, be the depth of 
tlie of these planes, prove that 



a being the radius. 

95. If a lamina in the form of a regular hexagon be im¬ 
mersed in liquid with one side in the surface, the depth of its 
centre of pressure is to the depth of its centre of gravity as 
23 to 18. 
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06. Find the centre of pressure upon a portion of a vertical 
cylinder containing liquid, the portion being such as when un¬ 
wrapped to form an isosceles triangle, the base of which when 
forming part of the cylinder is horizontal, and the vertex at the 
suf^ace of the fluid. 


97. Two veiy small spheres, of the same size but different 
densities, are connected by a fine string and immersed in a liquid, 
which rotates uniformly about a fixed axis, and is not acted upon 
by any forces; find their position of relative equilibrium. 

98. A hollow cone open at the top is filled with water; find 
the resultant pressure on the portion of its surface cut off, on 
one sidle, by two planes through its axis inclined at a given angle 
to each other; also determine the line of action of the resultant 
pressure, and shew that, if the vertical angle be a right angle, it 
will pass through the centre of the top of the cone. 


99. Two equal light spheres of the same substance are at¬ 
tached by strings of lengths r, to a point in the bottom of a 
vessel of water—they are mutually repulsive and rest at*a distance 
X from each other: shew that the line joining them is inclined to 


the horizon at 


Bm“i —7-= — ■■ =; 

xj'l {r'^ + r’^)-x^ 


also if ^ (x) be the repulsion 


Px 


tj'2 (<•“ + ?•'“) - a:® 


P being the fluid pressure on either sphere. 


100. A cylindrical tube, containing air, is closed at one ex¬ 
tremity by a ^ed plate, the other extremity being open; a piston 
just fitting the tube slides within it, and the centres of the plate 
and piston are connected by an elastic string, the modulus of 
elasticity of which is equal to the atmospheric pressure on the 
piston; prove that, if be the natural length of the string, and a 
its length when the air between the piston and the fixed plate is 
in its natural state, I being less than a, the length of the string 
in the position of equilibrium will be 

101. The readings of a faulty barometer containing some 
air are 29*4 and 29'9 inches, the corresponding readings of a 
correct instrument being 29*8 and 30*4 inches respectively; prove 
that the length of the tube occupied by the air is 2*9 inches, 
when the reading of the barometer is 29 inches; and find the 
corresponding correct reading. 
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102. A cylinder of density 2/> floats with its axis vertical 

between two liquids of densities p and 3/), its height being equal 
to the depth of the upper liquid ; prove that the pressures on its 
ends are in the ratio of 1 to 5. ^ 

103. A heav}' rope, the density of which is double the den* 
sity of water, is held by one end, which is above the surface, the 
other end being under water; find the tension at the middle 
section of the immersed portion. 


104. If the depths of the angular points of a triangle below 
the surface of a fluid be a, &, c, shew that the depth of the centre 
of pressure below the centre of gravity is 

(ft - c)® + (c - o)® +'la - 6)® 

12 (tt+6 + c) 

105. Given that the centre of pressure of a disc of radius r, 
with one point in the surface, ie at a distance p from the centre, 
prove that for a disc of radius B wholly immersed with its centre 
at a distance h from the surface, the distance between the centre 
of the circle and the centre of pressure is pSP-r-hr. 


106. If an air-pump be fitted with a barometer gauge of 
small section k, and length I, prove that at the end of the first 
stroke the mercury will have risen a height 


JJh L 

i+i?r “ 


Ah + {A + B)l 


(A + B)^ 


nearly; 


A being the height of the barometer. 


107. A hemispherical shell is floating on the surface of a 
liquid, and it is found that the greatest weight which can be 
attached to the rim is one-fourth of the weight of the hemisphere; 
prove that the weight of the liquid which would fill the hemi¬ 
sphere bears to the weight of the hemisphere the ratio of 

25 ^ 5 : 20 ^ 5 "- 28 . 

108. A cylindrical diving-bell fully immersed is in equi¬ 
librium without a chain. Shew that if the exterior atmospheric 
pressure increase slightly, the ratio of the distance moved through 
by the bell if free to that moved through by the surface of the 
water in the bell when held fixed is I/A+a^ : fc® approximately; 
where if is the height of the water barometer, A the height of 
the bell, and x the length of that part of it which is filled with 
air. 
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109. Two hollow oonoBy filled with water, are connected to¬ 
gether by a string attached to tbeir vertices which paaaes over 
a fixed pulley; prove that, during the motion, if the Veights of 
the cones be neglected, the total pressures on their bases will be 
always equal, whatever be the forms and dimensions of the 
cones. If the heights of the cones be h, h'^ and heights mA, nh' 
be unoccupied by water, the total normal pressures on the bases 
during the motion will always be in the ratio 

n® + n + l : to®+to+1 . 

110. A hollow cone, whose vertical angle is given, is filled 
with water and placed with its base on a borizoncol plane; de¬ 
termine a point in its surface at which, an orifice being made, the 
issuing fluid will just fall outside the base of the cone. 

111. Tlie times of the aerial vibrations constituting a note 
(0) and its fifth {G) are in the ratio 3:2; compare the times of 
the vibrations corresponding to ^£7) and the fifth of {G). 

112. A pyramid on a square base floats with its vertex 
downwards and base horizontal in a liquid. The pyramid is 
bisected by vertical plane perpendicular to two sides of the 
base, and the two parts are connected at the vertex by a liinge. 
Provo that the parts will remain in contact if the ratio of the 
density of the pyramid to that of the liquid exceed 

/ 3a* Y 

V2A=> + 3aV * 

where h is the height and 2a the side of the base. ‘ 

113. A circular tube of fine bore, whoso plane is vertical, 
contains a quantity of heavy uniform fluid, which subtends an 
angle 2a at the centre; a heavy spherical particle, just fitting 
the tube, is let fall from the extremity of a horizontal radius; 
find the impulsive pressure at any point of the fluid. 

a 

114. A cylindrical vessel containing inelastic fluid is de¬ 
scending with a given velocity (v) and is suddenly stopped; its 
axis being vertical, find the whole impulse on the curved sur- 
laoe. 


115. A closed hollow cone, filled with inelastic fluid, and 
having its vertex upwards, is suddenly raised with a given velo¬ 
city; find the'whole impulse on the cuived surface, and the 
resultaut impulse on the base. 
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116. A hollow sphere formed of a rigid inelastic substancet 
and filled with inelastic fluid, is let fall on a horizontal plane; 
find the whole impulse on its curved surface, and on ea^ half 
of its surface above and below the horizontal plane through its 
centre. 

Also determine the resultant impulses on each of these sur¬ 
faces. 


1171 A flexible and elastic cylindrical tube is placed within 
a rigid hollow prism, in the form of an equilateral triangle, which 
it just fits when unstxetchcd; if there be no air between the 
tube and the prism, and if air at a given pressure be forced into 
the tube, find the extension and the portion in contact with the 
sides of the prism. 

118. A conical btig, which is filled with liquid, has its rim 
fastened to a horizontal plate, and is then inverted; prove that 
the tension at any point, in the direction of a generating lin^ 
varies as the square of the distance from the vertex. 

119. A bag, in the form of a paraboloid, formed of thin 
flexible substance, is supportedfby its rim, and is •filled with 
water; find the tension at any point in direction of the tangent 
to the generating parabola at the point. 

Hence prove that the tension in every direction at the vertex 
=:gpahj if A be the depth of the bag, and 4a the latus rectimi. 

Also obtain this last result independently by aid of Art. 

(IB?)- . 

* 

120. If the same bag, when filled, be closed and inverted, 
prove that the tension at any point P, in direction of the tan¬ 
gent to the generating parabola, v.iries ohAN, JsJSPf A being 
the vertex of the bag, S the focus, and AN the depth of P 
below the vertex. 



SPECIFIC GRAVITIES 


Ratios of tJ^e Specific Gravities cf different suJktanees 
to tkai of water at 60®. 


Diamond . 3.52 

Stilphur. 2. 

Iodine. 4.94 

Arsenic. 5.959 

Gold. 19.4 

Platina. 21.53 

(Silver. 10.5 

Mercury. 13.568 

Copper.. 8.85 

Tin. 7.285 

Lead.!. 11.445 

Zinc. C.S62 


Nickei. 8.38 

Iron. 7.844 

Flint-glass. 3.33 

Plate-glass. 2.5 

Marble. 2.716 

Bock-salt. 1.92 

Ivory. 1.917 

Ice(at0»). 0.926 

Sea-water. 1.027 

Olive-oil. 0.915 

Alcohol. 0.794 

iEther. 0.724 


Ratios of the densities of gases and vapours of different 
substances to that of atmospheric air at the same tem¬ 
perature and under the same pressure. 


Oxygen. 1.103 

Hydrogen. 0.069 

Nitrogen. 0.976 

Chlorine. 2.44 

Bromine . 5.395 

Iodine. 8.701 

Arsenic. 10.365 

Mercuiy. 6.978 


a 

Water. 0.62 

Alcohol. 1.613 

•Carbonic Acid. 1.524 

Ammonia. 0.591 

Sulphurous Acid ... 2.212 
Sulphuric Acid ... 2.763' 
iEither. 2.586 








































ANSWEKS TO THE EXAMP LES, 


CHAPTER 1. Examination. 


4. 10^ lbs. and 42 lbs. 
6 . 180 lbs. 


5. uoa. 

8 . 82944 lbs. 


CHAPTER II. Examination. 

2. 848 lbs. 3. 104976 lbs. 

4. - ^^4 - O’ and a being the speciOc gravity of 


mn +1 
the mixture. 


mn +1 


5. 2p. 6 . 202.] lbs. 

^ P(<r-«)+rV-«) ^ 


7. 13. 8 . 

10 . 23. 


CHAPTER IT. Examples. 


n-fl 2» + l , »+ 2 

A j * 9 " i) I SUlui • 

M O V 

2. 3<r' “ 2(r and 4o- - 3(r'. 

4. 84 : 126. 

6 . —;i=lh of a second. 

^/32 

7. The densities are as 3 : 8 . 
0 . 9 ; 512. 


3. 4 : 405. 
5. 1 : 82. 


8. 4; 


CHAPTER III. Examination. 

2. Ist. 43ff lbs. on a square inch. 2nd. about 58 lbs. 

4, 73-^^j lbs. on a square inch, neglecting atmospheria 


pressure. 


z f __ 

8 . ^gp‘irrki^r'^+h\ 


6. 125 oz. 



236 Amva&ri to tho Moampios. 

11 * If be the yertical ^e, the depUi of the horizontal 
line=~. 

12 . The depths of the horizontal lines are 

13. The depth = K 

V 2 

CHAPTER III. Examples. 

2. 3125 lbs. 

3. The line divides the opposite side in the ratio of 3 : 1. 

4. —(whole length of liquid). 

S«y2 


5. + 


6. 20 + ^lbs. 


8 . 1 : 1 . 


10. The point lies in the line from the vertex bisecting the 
base and at a depth —j-r (the depth of the vertex). 


n/3 


11. 1 : ^/2-l. 

13. 1:4 : 0. 


12 . g (1 + iiii/lO) inches. 

a} 


14. If a, w-a, be the angular spaces occupied by the 
liquids p, p', the inclination to tlie vertical of the liounding dia- 

meter=tan“^ (cot a+-3—. 

\ sm a p - p/ 

16. The mcrea8e=14 (the weight of the fluid). 

^18. radius. 

20. Produce the rectangle to the surface; then, knowing the 
centres of pressure of the whole and of the upper part, and tha 
pressures on tliese parts, the position of the centre of pressure 
of the lower part can be inferred. 

23. The densities are equal. 24. 2 feet. 

2 

25, Unit of times—^seconds; 




Unit of spaces —feet. 


26. secs. 
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Answers to the Examples* 

27. Sir units of weight. 

29. 4 (5^2-7) : 3. 30 3 : 6 ; 4. 

% 

CHAPTER IV. EzAjnNATXOV. 

''7. 12 feet. ''8. 15:16. 

9. The forces are equal. 

4 

\ 13. <7 ths of a cubic foot, 
o 

1^ Weight of wood + weight of water it displaces. 

16. If <r, <r' be the speciBc gravities, F, F' the volumes, and 
p the specific gravity uf water, the condition is 

V 

r~ ff-p‘ 


^ 2 . 

^'4. 


t 7. 


>/ 8 . 


CHAPTER IV. Examples. 
of a cubic yard. 

ODO 

Surface divides altitude in ratio 1 : -1 . 

.yi-l : 1. 

y th of the cylinder is in the upper liquid. 


9 


. density of wood. Half that of water. 


vlO. ^ • 2(r^-r^. 

15. If tv' be the weight of the cone and of the fluid 
displaced, the force—to-w', and its line of action must be at a 
distance from the centre of gravity of the solid cone equal to 

w h 
w-vf 12 * 

16. One-third of the axis is immersed. 


Vl8. 

19. 

21 . 


h —, "h being the height of the paraboloid. 


2186 Stems. 


r* h 

20. Height-^ 


^ , and gprl^ at depth | A 
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Answers to the Ewam^Us^ 


22. asBuming distance of centre of graVitj of hemi- 

8 


sphere from centre to be - r. 
^ 24. 19 : 56. 


25* * t*. 


33. 


The resaltant vertical pressure 



34. Horizontal pressure = W sin a cos a, and vertical pressure 
ssTTsln^o, where ^ is the weight of fluid displaced. Hence, 
direction of resultant is inclined to the vertical at an angle 

^ - 0 , as is obvious, S priori* 


2 . 


5. 


10 . 


CHAPTER V. Examination. 


3 J. 

1 : 12 . 

11 | and-11^ 


4. 72.7 inches nearly. 

C. 1 ; 8 (1 + at\ and 1 ; 2 (1 + ai). 
17. 1009 lbs. nearly. 


CHAPTER V. Exami’LEB. 

1. l + a^ : n®. 

8 . If Wt W' be the weights of tlie fluid and the piston, 11 
the pressure of the fluid at a density />, the length of cylinder 


occupied s 


JF n 

W^' gp' 


4. 


P' 1+af' 
P ”'l + a<' 


5. If r/h be the ratio of the air-pressure on the piston to its 
weight when the piston is in the middle, its height above the 
base is given by the equation 

. flc?-2oac+2ma(tt-«)=0, 

2 a being tbe height cf the cylinder. 

6 . (The area of surface) x xpat, 8. h : h\ 

9. If n be external air-pressure, W tbe weight of the piston, 
A its area, X the modulus of elasticity, a the natural length of 
tbe string, and t the increase of temperature, the increase x of 
the length of the string is given by tbe equation 
X (aa;+a^)=a(aof-a;) (11^1 + W)*, 

10. Length above surface is changed in ratio 1 : .9987- 
14. 7At where A is the height of the water barometer. 



Answers to the Examples* 
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16. If a be the depth to which the original open surface of 
the mercury is lowered, p, c the densities of the water and 
mercury, and "k, K the sectional areas of the tube, the height of 
the mercurial column is increased by 




■ 1 . 

<5. 

v6. 

9. 

ai. 

a2. 


CHAPTER VI. Examination. 

To ^rd of its original volume. 

612 lbs. 

Early in the 4th stroke. 

About 45 inches above mercury level. 
SOOOtt , 


10 
SOOOtt 
" 1 ^ 


lbs. or about 983 lbs. 
lbs. 

CHAPTER VI. 


Examples. 


1 . 1 




4. 3.8 nearly; f-^ths of the volume of the bell. 

6 . If A be the height of the barometer, tho ascent x is given 


by the equation 


1.5 


a; 5 20 


15-ic'*‘^“ is'*'3/i‘ 


If7i=30, *=6.1 nearly. 

11 . If a be the length originally occupied by air, A the 
height of the barometer, and p the density of atmospheric air, the 
diiterence x is given by the equation 

x^+2a(x-A)+^ A (2a+*) = 0 

CHAPTER VII. Examination 
1. 6 : 7. 2. 9 ; 7. 

3 . 1280-IT : 1280-2 t. 

198 


1805 


of a cubic foot. 


6 . 



240 


Answers to tlw Examples* 

8. W+w W+8t^f TT being the weight of the inetrument, 
and B the density of water. • 



CHAPTER VII. Exaupleb. 

''I. The same as that of water. 

79Q 

»3. {3*17) =10.8 nearly. 

ALi 

'^4. 1.9 nearly. /fi. /4 :/5. 

^6. 4:8. 7. 5igridns. 

8. 12f shillings. 

CHAPTER VITI. Examiitation. 
1. ICi^fflbs. 9. 75®. 


CHAPTER VIII. Examples. 

^ pV+p'V^ 1+aif 
U * l + o« * 


2. The air at greatest pressure. 


ft 2*^®—- 

211 ' 


4. 13® 


53 

104* 


5. The difference of the observed pressures. 


2 . 


3. 


4. 


8 . 

3. 

9 . 


CHAPTER IX. 
If l=s Latus Rectum, <^’=2 * 

CT J*®W® 

Length 8ubmerged=-A+ , 

A paraboloid. 

1 




Answers to the Examphs, 
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CHAPTER X. 


1. Inversely as the radii. 

2. 3:2. 3. 80 lbs. on a square inch. 

4. : r». 


5. If be the volume of atmospheric air forced in, 

s 

/ « 6® —a®) 


ANSWERS TO MTSCELLANEOTTS 
PROBLEMS 


3. First. The plane divides tiic axis in the ratio 1 : ^ - 1, 
Second. The plane bisects the axis. 

Measuring x from the vertex, the equation is 

, 3/t „ A* . 

* + 


one root of which is - . 

A 

4. The ratio is 4 : 3 sin a. 


5. The distances &om JJ of the points of division are in the 

ratio 1 : fs/2 : : &c. 

1 13 

6. let, ^, 2nd, ^ of its volume. 

7. The densities are equal. 

8. The pressures are either equal or In the ratio 1 : 8. 

‘C-)‘ 

10. If lIs: atmospheric pressure, the height above the base 
of the centra of the sphere is 

frW+Airt^n. 

~w+^n * 


B. X. B. 


16 
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Answers to 


11 . 


IS. 


15. 


1 : 82000. 

The inclination to 
2000 oz. 


the horizon= cob'^ 2 
20. 60®. 


3'-m ’ 
1 + m* 


17 


23. The weight the vessel must be at least (the wdght 
of the fluid). 

25. The vohixne must be Trr® , a being the 

depth of water, and A, r the height and radius of the cone. 


29. If p, p' be the densities of the lower and upper liquids 
respectively, c the density of the rod, and $ its inclination to the 
wertical, • 



P-P' 

ff-p'* 


30. If a be the height of the cylinder, and h the height of 
the water-barometer, the length {x) of the cylinder occupied by 
air is given by the equation 



45. The inclination of the radius vector to the surface 
is 60®. 


46. The point lies in tho central generating lin^ dividing 
it in the ratio 2 : 1. 

✓ 

47. In the first case the point divides the central generating 
line in the ratio 3 : 1; in tho second it bisects the generating 
line. 


48, and 49. See Example 8, page 55. ■ 

54. Resultant pressure : weight of liquid ; 2, and 

2 

its inclination to the horizon=tan~^ ^. 

o 

55, and 56. Sea Articles 51, 52, 53, and Example 2, 
page 47. 

61. If p be the density of the upper and f/ of the lower 
liquid, the pressures are in the ratio 

4p : Sp+pT. 



MiacellaneoiLs Problems. 
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64. See Art. 160, 

65. See Example 6, page 154. 

66. See Appendix (6). 

75. Bemove the piston and replace it by an equivalent 
weigH of water. 

84. The pressures are in the inverse ratio of the radii. 

88. If / be the acceleration with which the cone ascends, 
* and 2a the vertical angle, the whole pressure : the weight of 
the liquid ;; f-¥g : g sin a. 

90. n^:l + at. 92. • 

97. p and p being tho densities and <r the density of the 
liquid, the axis of rotation divides the string in the ratio 

p-a : p'-ff. 

103. The tension is zero. 

114. The whole impulse=/)jrrA‘’v, r being the radius and k 
the height of the fluid. 

116. If U=Trr^pif, the whole impulses arc 417,' U and SU. 

4 " 1 ^ 

The resultant impulses are ^27, ^ 17, and ~ 27. 

i O O 

Notk on AbT. 84. 

The value of a is veiy nearly the same for all gases, and 
moreover remains nearly the same for different pressures. M. 
B^rault has investigated the values of a for different sub* 
stances; for instance, between 0^ and 100*^ he finds the value of 
a for carbonic aoid gas to be .003689. It has also been ob¬ 
served that the ooefficienis for two gases separate more from 
each other when tho pressure is very much increased. 

Kegnault’u results: values of a for 

Air .003666. 

Hydrogen .003667. 

Azote.003668. 

Sulphuric Acid ... .003669. 

HydroehloricAcid .003681. 

Cyanogen .003682. , 

Carbonic Acid ... .003689. 







INDEX. 


PAOK 

Absoluts Temperature.78 

Air a ponderable body .78 


-in motion .176 

Air-Pumps.103—105 

Aneroid mrometer.68 

Arohimedes.63, 118 

Balloon.59, 91 

Barker's Mill .110 

Barometer .74 

■ ■ gauge .106 

Beats.193 

Bourdon’s Metallic Baro¬ 
meter .89 

Boyle's Law .76 

Bramah's Press.102 

Camel .52 

Capillarity.166 

Capillary Curve .163, 170 

Cecil’s Lamp .56 

Centre o| Pressure.38, 201 

Coexistence and Interfer¬ 
ence .184 

Common surface of two 

liquids.31 

Condenser.107 

Contracted Vein .174 

Density .18 

Des Cartes .91 

Dew .140, 142 

Diatonic Scale .195 

Differential Thermometer ...83 

Dilatation of Liquids .144 

Diving-bell.94 

Ebullition.145 

Elastica.163 

Elasticity of air .69 

Ener^ of Film .172 

Equilibrium of a floating 

l>ody.60 

Eqnipotential Surfaces ...198 

Freezing.144 

Qalileo.64 

Heat .138,146 


Heights by the Barometer...80 
Homogeneous Atmosphere *.76 


Hopkins.196 

Hydraulic Bam .112 

Hydrometers .126—128 

Hydrostatic Balance .124 

-Bellows .11 

-- Paradox.12 

Hyg rometers.143 

Impulsive Action.177 

Lintearia .163 

Liquid Films.171 

Magdeburgh HemiBphoreB...90 

Manometers .108—110 

Metacentre .57 

Mixture of gases .134 

Monochord .194 

Musical sounds.184 

Nodes and loops.187—189 

Pascal .90 

Piezometer .Ill, 119 

Pumps.96—99 

Rotating liquid.150 

Safety Valves.13 

Siphon.81 

Siphon gauge .107 

Sounds, velocity of,... 180, 184 

Specific gravity .20 

Stability .57 

Steady motion .175 

Steam Engines .113—116 

Stereometer .129 

Stevinus .64 

Tartini .193 

Temperature of air.78 

Tension.161 

Thermometer .7i 

TorricelU.72, 173 

Unison and Harmony.192 

Vapours.136 

Virtual Velocities .... *.14 

Water Barometer .75 

Waves .181 
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Ovid. P. Ovidii Nasonis Heroides XIV. By A. Palmer, M.A. 8vo. fir. 

Propertius. Sex Aurelii Propertii Carmina. By F. A. Paley, M.A. 
Sro. Cloth, 9a. 

■ Sex. Propertii Elegiarum. Libri TV. By A. Palmer. Fcap.Svo. 6*. 
Sophocles. The Ajax. By C. E. Palmer, M.A. 4r. fid, 

"Thucydides. Tlie History of the Peloponnesian War. By Bichard 
Shilleto, M.A. Book I. 8ro. 6a. 6d. Book II. Sro. 5a. Gd, 

LATIN AND GREEK CLASS-BOOKS. 

Auxilia Latina. A Series of Progressive Latin Exercises. By 
M. J.B.Baddeley.M.A. Fcap.Svo. Parti. Accidence. 2nd Edition, revised. 
2.a. Part II. 4th Edition, revised. 28. Key to Part II. 2«. 6d. 

Latin Prose Lessons. By Prof. Church, M.A. 6th Edit. Fcap. 8vo. 

2s. 6(1. 

Latin Exercises and Grammar Papers. By T. Collins, M.A. Ith 
Edition. Fcap. 8vo. 28. 6(1. 

Unseen Papers in Latin Prose and Verse. With Examination 
Qncstioii.';. By T. Collins, M.A. 2nd Edition. Fcap. 8%o. 2$. 6d. 

- in Greek Prose and Verse. Witli Examination Questions. 

By T. Collins, M.A. Trap. 8io. 3s. 

Analytical Latin Exercises. By C. P. Mason, B.A. 3rd Edit. 3«.6d. 

Latin Mood Construction, Outlines of. With Exercises. By 
the Bev. G. E. C. Cii'-i’y, M.A., F.L.S., F.G.S. Small i) 0 .st tlvo. Is, 6d. 
Latin of the Excrcisi'" J^. 6<1. 

Scala Grseca: a Scries of Elementary Greek Exercises. By Bev. J. W. 
Davis, M.A., and B.. W. Baddeloy, M.A. 3rd Edition. Fcap. 8vo. 2,s. 6d, 

G-reek Verse Composition. By G. Preston, M.A. Crown 8vo. 4«. fid. 

Greek Particles and tlicir Combinations according to Attic Usage. 
A Short Tivati'O. By F. A. Piiloy, M.A. 2.s. Gd. 

By the Bev. P. Fbost, M.A., St. John’s Colleoe, CAMnninoE. 
Eclogse Latinse; or, Fir.st Latin Beading-Book, with English Notes 
and a Diiitionarj'. Nhw Edition. Fcap. 8vo. 2s, 6cl. 

?^aterial3 for Latin Prose Composition. New Edition. Fcap. 8vo. 
28. 6(1. Key, 4s. 

A Latin Verse-Book. An Introductory Work on Uexametf^s and 
Pentameters. New Edition. Fcap. 8vo. 3s. Key, 5s. 

Analecta Grseca Minora, with Introductory Sentences, English 
Notes, and a Dictionary. New Edition. Fcap. 8vo. Ss. 6d. 

Materials for Greek Prose Composition. New Edit. Fcap. 8vo. 

3s. 6d. Key, 5s. 

Florilegium Poeticum. Elegiac Extracts from Ovid and Tibullus. 
New Edition. With Notes. Fcap. 8vo. 3s. 

By the Bev. F. E. Gbetton. 

A First Cheque-book for Latin Verse-makers. Is. fid. 

A Latin Version for Masters. 2«. fid. 

Reddenda; or Passages with Parallel Hints for Translation into 
Latin Prose and Verse. Crown Svo. 48. 6d. 
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Reddenda Reddlta [see hclmo). 

Anthologla Oresca. A Selection of Choice Greek Poetry, with Notes.. 

By F. St. John Thackeray. 4t?i and Cheaper Ediiion. 16mo. 4s. 6d. 
Anthologia Latina. A Selection of Choice Latin Poetry, from 
NeeviuR to Bo^thiiia,'with Kotos. By Rov. F. St. John Thackeray. Revised"' 
and Cheaper Edition. 16uio. 4.s. 6il. 

By H. a. Holdex, LL.D. 

Foliorum Silvula. Part I. Passages for Translation into Latin >■ 
Elegiac and Uoroic Verse. 10th Edition. Post 8vo. 7s. 6d. 

-Part II. Select Passages for Translation into Latin Lyric v 

and Comic Lirabio Verse. 3rd Edition. Post 8vo. 5s. 

- Part III. Select Passages for Translation into^vreek Verse. 

3rd EdKiion. Post 8vo. 8s. 

Folia SilvulsB, give EclogsQ Poetorum Anglicorum in Latinum et 
Grsecum convorsas. 8vo. Vol. 1.10s. 6d. Vol. II. 12s. 

Foliorum Centuries. Select Passages for Translation into Latin . 
and Greek Prose. 8th Edition. Post 8vo. 8s. 


TRANSLATIONS, SELECTIONS, &c. 

*** Many of llie following books are well adapted for School Frizes., 

ABschylus. Translated into English Prose by E. A. Paley, M.A. 
2nd Edition. 8vo. 7.s. 6d. 

- Translated into English Verse by Anna Swanwick. Post. 

8vo. 5'.. 

Horace. The Odes and Carmen Ssecnlare. In English Verso by 
J. Conin.£rtoii, M.A. 8th edition. Pcap. 8vo. 5s. fid. 

- The Satires and Epistles. In English Verse by J. Coning- 

ton, M.A. .5th edition, fis. fid. 

- Illustrafed from Antique Gems by C. W. King, M.A. The 

text revised with Introduction by H. A. .1. Munro, M.A. Largo 8vo. 11. Is. 

Horace's Odea. Engli.shod and Imitated by various hands. Edited 
by 0. W. P. Cooper. Crown 8vo. Gs Gd. 

Lusus Intercisi. Verses, Translated and Original, by H. J. 
IIjdL’hon, .M.A., formerly Fellow ol Trinity C<>Uei.’'c, Oainbndge. 5.s. 

Propertius. Verse Translations from Book V., with revised Latin 
Text. By P. A. Paloy, M.A. Fesip. 8vo. S.". 

Plato. Gorgias. Translated by E. M. Cope, Ll.A. 8vo. 7s. 

-Philebus. Translated by F. A. Paley, M.A. Small 8vo. 4s. 

- Tlieaetetus. Translatedby F. A.Paley, M.A. Small 8vo. 4s, 

-■* Analysis and Index of the Dialogues. By Dr. Day. PostSvo.Ss 

Reddenda Heddita : Passages from English Poetry, with a Latin 
Verso Translation. By F. E. Grettoii. Crown 8vo. Gs. 

Sabrinse Corolla in hortulis Eegia? ScholsB Salopiensis contexuerunt 
tros vin iioribns legundis. Bditio tertia. 8vo. 8s. fid. 

Theocritus. In English Verse, by C. S. Calverley, M.A. New 

Edition, i-evised. Crown 8vo. 7s. fid. 

Translatious into English and Latin. By C. B. Calverley, M.A. 
Post. 8ro. 7s. fid. 

--into Greek and Latin Verse. By R. C. Jebb. 4to. clotb 

gilt. 10.t. fid. 

Between Whiles. Translations by B. H. Kennedy. 2nd Edition. 
rovi,sed. Crown 8vo. 6s. . 
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REFERENCE VOLUMES. 

A Latin Grammar. By Albert Harkness. Post 8vo. 6s. 

-By T. H. Key, M.A. 6tL Thonsand. Post 8vo. 8s. 

A Short Latin Grammar for Schools. By T. H. Key, M.A., 

F.lt..S. lltb Edition. PostSvo. 3s. 6d. 

A Guide to the Choice of ClaBsical Books. By J. B. Mayor, M.A. 

llcvisod Edition. Crown 8vo. 3s. 

The Theatre of the Greeks. By J. W. Donaldsou, D.D. 8th 
Edition. Post 8to. 5s. 

Eeightley's Mythology of Greece and Italy. 4th Edition. 5s. 
A Dictionary of Lathi and Greek Quotations. By H. T. Biiey. 

Post 8vo. 5s. With Index Verborum, 6s. 

A History of Homan Literature. By W. S. Teuffcl, Professor at 
the University of Tilbingen. By W. Wagner, Ph.D. 2 vols. Demy 8vo. 218. 

Student’s Guide to the University of Cambridge. 4th Edition 
revised. Fcap. 8vo. 6s. Gd. ; or in Pnrt‘-.—Part >, 2s. 6ti.; Parts 2 to 6, Ls. 
each. 


CLASSICAL TABLES. 

Latin Accidence. By the Bev. P. Frost, M.A. Is. 

Latin Versiheation. Is. 

Notabilia Qusedtim; or the Principal Tenses of most of the 
Irregular tirock Verbs and Elementary Greek, Latin, and French Oon- 
Btruction. New Edition, la. 

Hichmond Buies for the Ovidian Distich, A'c. By J. Tate, 

M.A. Is. 

The Principles of Latin Syntax. 1,9. 

Greek Verba. A Catalogue of 'Verbs, Irregular and Defective; their 
leading formations, tenses, and inflexions, with Paradiffjii*- ft)iTonju{r.ation, 
llules for formation of tenses, Ac. &c. By J. S. Baird, T.C.D. 28. 6d. 

Greek Accents (Notes on). By A. Barry, D.D. New Edition. 1«. 

Homeric Dialect. Its Leading Forms and Peculiarities. By J. S. 
Baird, T.C.D. Now Edition, by W. G. llutherford. Is. 

Greek Accidence. By the Bev. F. Frost, M.A. New Edition. Is. 


CAMBRIDGE MATHEMATICAL SERIES. 

Algebra. Choice and Chance. By W. A. Whitworth, M.A. 3rd 
Edition. 6s. 

Huchd. Exorcises on Euclid and in Modem Geometry. By 
J. McDowell, M.A. 3rd Edition. 6s. 

Trigonometry. Plane. By Bev. T.Vyvyan,M.A. 2nd Edit. 3.9.6d. 

Geometrical Conic Sections. By H. G. Willis, M.A. Man¬ 
chester Grammar School. 7s. 64. 

Conics. The Geometry of. 3rd Edition. By C. Taylor, D.D. 4s. 6d. 
Solid Geometry. By W. S. Aldis, M.A. 3rd Edition. Cs. 
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Bigid Dynamics. By W. S. Aldis, M.A. 4s. 

Elementary Dynamics. By W. Garnett, M.A. 3rd Edition. 6s. 

Heat. An Elementary Treatise. By W. Garnett, if.A. 2nd Edit, 
as. <id. 

Hydromechanics. By W. 11. Bcsant, M.A., F.R.S. 4th Edition. 
Piul I. Ujdi'Ohtiiticfi. Si!. 

Mechanics. Problems in Elementary. By W. Walton, M.A. 6«. 

CAMBRIDGE SCHOOL AND COLLEGE 
TEXT-BOOKS. 

A Series of Elementary Treatises for ths tise of Students in the 
Universities^ Schools, and'Candidates for the Tuhlic 
Examinations. Fcap. Sro. 

Arithmetic. By Rev. C. Elsce, M.A. Fcap. 8vo. 11th Edit. 3s. 6d. 
Algebra. By the Rev. C. Elsee, M.A. 6th Edit. 4s. 

Arithmetic. By A. Wrigley, M.A. 3s. 6d. 

-A Progi-cssivo Course of Examples. With Answers. By 

J. Watson, 3[.A. Sth Hilition. 2s. (!<1. 

Algebra. Piogrcssivo Course of Examples. By Rev. W. F. 
M'Mi('liaol,M.A.,aiid tt. Prowilo Smith, M.A. 2ml Edition. os.6(l. With 
Auswcm*?. •is. GJ. 

Plane Astronomy, An Introduction to. By P. T. Iklain, M.A. 

4ih Edition, -hs. 

Conio Sections treated Geometrically. By W". H. Besant, M.A 

4tli Edition. 4s. Cd. Solution to the E.\ami)lca. 4s. 

Elementary Conio Sections treated Geometrically. By W. H. 
Ecsunt, M.A. [2n the itress. 

Statics, Elementary. By Rev. H. Goodwin, D.D. 2nd Edit. 3s. 
Hydrostatics, Elementary. By W. 11. Bcsant, M.A. 10th Edit. 4«. 
Mensuration, An Elcmentaiy Treatise on. By B.T. Moore, M.A. Gs. 

Newton's Principia, The First Three Sections of, with an Appen¬ 
dix; and the Xmth ami Eleventh Seutioiis. By J. U. Evanf-, M.A. Sth 
Edition, by P. T. Main, M.A. 48. 

Trigonometry, Elementary. By T. P. Hudson, ]\I.A. 3.v. GtZ. 

Optics, Geometrical. W’itli Answers. By W. S. Aldis, M.A. 3s. 6d. 

Analytical Geometry for Schools. By T. G.Vjw.yau. 3rd Edit. 4s. 6d. 

Greek Testament, Companion to the. By A. C. Barrett, A.M. 
5th Edition, revit-i'd. Fcap. 8vo. 5.s. 

Book of Common Prayer, An Historical and Explanatory Treatise 
on the. By W. G. Humphry, B.D. Gth Edition. Fcap. 8vo. 4s. 6d. 

Mualo, Text-book of. By H. C. Banister. 11th Edit, revised. 5s. 

- Concise History of. By Rev. H. G. Bonavia Hunt, B. Mus. 
Oxon. Gth Edition revi.'ied. 3i.. Gd. _ 


ARITHMETIC AND ALGEBRA. 

See foregoing Series. 
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GEOMETRY AND EUCLID. 

Euclid. The First Two Books explained to Beginners. By G. P. 

Mason, B.A. 2nd Edition. Fc.ap. 8vo. 2 a. 6d. 

The Enunciations and Figures to Euclid's Elements. By Bev. 
J. Brasse, D.D. Now Edition. Fcap.Svo. 1a. On Cards, in case, Ss. 6(L 
Without the Figures, 6d. 

Ezerclaes on Euclid and in Modem Geometry. By J. McDowell, 

B.A. Crown 8vo. 3rd Edition revised. 6a. 

Geometrical Conic Sections. By H. G. Willis, M.A. 7s. Gd. 
Geometrical Conic Sections. By W. H. Besant, M.A. 4th Edit. 

4a. 6d. Solution to the Examples. 48. 

Elementary Geometrical Conic Sections. By W. H. Besant, 
M.A. [In the press. 

Elementary Geometry of Conics. By C. Taylor, D.D. 3rd Edit. 

8vo. 4s. 6d. 

An Introduction to Ancient and Modem Geometry of Conics. 
By C. Taylor, M.A. 8vo. ISs. 

Solutions of Geometrical Problems, proposed at St. John’s 
College from 1830 to 1816. By T. Gaskin, M.A. 8vo. 12s. 


,TRIGONOMETRY. 

Trigonometry, Introduction to Plane. By Ecv. T. G. Vyvyan, 

Chartci’honse. Cr. 8vo. .‘Is. Gd. 

Elementary Trigonometry. By T. P. Hudson, M.A. 3s. 6d. 

. An Elementary Treatise on Mensuration. By B. T. Moore, 
M.A. 5a. 


ANALYTICAL GEOMETRY 
AND DIFFERENTIAL CALCULUS. 

An Introduction to Analytical Plane Geometry. By W. P. 

Turnbull, M.A. 8vo. 12a. 

Problems on the Principles of Plane Co-ordinate Geometry. 
By W. Walton, M.A. 8vo. 16.s. 

Trilinear Co-ordinates, and Modem Analytioed Geometry of 
Two Dimensions. By W. A. Whitwortli, M.A. 8vo. 16s. 

An Elementary Treatise on Solid Geometry. By W, S. Aldis, 
M.A. 2nd Edition revised. 8vo. 8s. * 

Elementary Treatise on the Differential Calculus. By M. 
O’Brien, M.A. 8vo. 10a. 6d. 

EUiptio Functions, Elementary Treatise on. By A. Cayley, M.A. 
Demy 8vo. ISs. _ 

MECHANICS & NATURAL PHILOSOPHY. 

Statics, Elementary. By H. Goodwin, D.D. Fcap. 8vo. 2nd 
Edition. Ss. ^ 

Dynamics, A Treatise on Elementary. By W. Garnett, M.A. 
.3rd Edition. Crown 8to. Ss. 

Dynamics. Kigid. By W. S. Aldis, M A. -Is. 
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Elementary Mechanics, Problems in. By "W. Walton, M.A. New 
Edition. Crown 8vo. 6s. 

Theoretical Mechanics, Problems in. By W. Walton. 2nd Edit. 

reviflcd and onlarped. Domy Sro. 16s. 

Hydrostatics. ByW.H.Besant,M.A. Fcap. Svo. 10th Edition. 4s. 

Hydromechanics, A Treatise on. By W. H. Besant, M.A., F.B.S. 
8vo. 4th Edition, revised. Part I. Hydroistatics. fe. 

Dynamics of a Particle, A Treatise on the. By W. H. Besant, M.A. 

[Prepanng. 

Optics, Geometrical. By W. S. Aldis, M.A. Fcap. 8yo. 3s. 6d. 

Double Refiraction, A Chapter on Fresnel’s Theory of. By W. S. 
Aldis, M.A. 8vo. 2s. 

Heat, An Elementary Treatise on. By W. Garnett, M.A. Grown 
8vo. 2nd Edition revisod. 3s. 6d. 

Newton’s Prinoipia, The First Three Sections of, with an Appen¬ 
dix ; and tho Ninth and Eleventh Sections. By J. H. Evans, M.A. 5th 
Edition. Edited by P. T. Main, M.A. ks. 

Astronomy, An Introduction to Plane. By P. T. Main, M.A. 
Fcap. 8vo. cloth, 46. 

Astronomy, Pnictical and SphericaL By B. Main, M.A. 8vo. 14s. 

Astronomy, Elementary Chapters on, from the ‘Astronomie 
Phys'iquc’of Biot. By H. Goodwin, D.D. 8vo. 3s. 6d. 

Pore Mathematics and Natural Philosophy, A Compendium of 

Facta and Formuhn in. By G. R. Smalley. 2nd Edition, reiisod by 
J. McDovvoll, M.A. Fcap, 8vo. 3«. 6(i. 

Elementary Course of Mathematics. By H. Goodwin, P.D. 

6th Edition. 8vo. 16s. 

Problems and Examples, adapted to the ' Elementary Course of 
Matlicniatioa.’ 3rd Edition. 8vo. 56. 

Solutions of Goodwin’s Collection of Problems and Examples. 

By W. W. llutt, M.A. 3rd Edition, revised and enlarged. 8vo. 9s. 

Meobanics of Construction. With numerous Examples. By 
S. Fenwick, P.ll.A.S. , 8vo. 12s. 

Pure and Applied Calculation, Notes on the Prii^ciplcs of. By 
llev. J. Chains, M.A. Bomy 8vo. 15s. 

Physics, The IMathematical Principle of. By Bev. J. Challis, M.A. 

Demy 8vo. Ss. 


TECHNOLOGICAL HANDBOOKS. 

Edited by H. Thueman Wooi>, Secretary of the 
Society of Arts. 

1. Dyeing and Tissue Printing. By W. Crookes, F.B.S. 5s. 

2. Glass Manufacture. ByHenry Chance,M.A.; H.J.Powell.B.A; 

and H. G. Harris. 3.s. C<2. 

3. Cotton Manufacture. By Blchard^arsden, Esg., of Man- 

chohtev. 

4. Telegraphs and Telephones. By W. H. Preece, F.B.S. 

[Preparing, 
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HISTORY, TOPOGRAPHY, &c. 

Rome and the Campagna. By R. Bum, M.A. With 85 En- 
grayiiiga and 26 Maps and Plans. With AppundLx. ‘1-to. 31. 'is. 

Old Rome. A Handbook for Travellers. By R. Burn, M.A. 
With Maps and Plans. Demy 8vo. 10s. 6ci. 

Modem Eiuope. By Dr. T. H. Dyer. 2nd Edition, revised and 
continued. 5 vols. ^my 8vo. 21. 12s. Gd. 

The History of the Kings of Rome. By Dr. T. II. Dyer. 8vo. 16s. 
The History of Pompeii: its Buildings and Antiiiuitiea. By 

T. H. Dyer. 3rd Edition, brouglit dovm to ltS74. Po'-t 8vo. 7s. 6d. 

Ancient Athens; its History, Topography, and llcmains. By 
T. H. Dyer. Super-royal 8vo. Cloth. 11. 6s. 

The Decline of the Roman Republic. By G. Long. 5 vols. 

8vo. 148. each. 

A History of England during the Early and Middle Ages. By 

0. H. Pearson, M.A. 2nd Edition revised and enlaj-sjc’d. Wvo. Vol. I. 
16s. Vol. II. 11s. 

Historical Maps of England. By C. H. Pcar.son. Folio, 8rd 
Edition revised. Sis. 6d. 

History of England, 1800-15. By Harriet Sr.'irtiucau, with new 

and copious Index. 1 vol. 3.s, 6d. 

History of the Thirty Years’ Peace, 1815-46. By Harriet Mar- 
tmeau. 4 vols. Ss. 64. each. 

A Practical Synopsis of English History. By A. Bowes. 4th 

Edition. 8vo. 2.s. 

Student’s Text-Book of English and G-eneral History. By 
D. Beale. Crown 8vo. 28. 6d. 

Lives of the Queens of England. By A. Strieklaiul. Library 
Edition, 8 vols. 7s. Gd. e:ich. C'heaimr Edition, 6 vols. o-. each. Ahj'idgad 
Edition, 1 vol. Gs. 6d. * 

Eginhard’s Life of Karl the Great (Charlemagne). Translated 
with Notes, hy W. Glaister, M.A., B.G.L. Crown 8vo. 4-. Gil. 

Outlines of Indian History. By A. W. Hughes. Small Post 
8vo. 3s. 6d. 

The Elements of General History. By Prof. Tytler. New 
Edition, brought down to 1874. Small Po.si Svo. Gi. G>i. 

ATLASES. 

An Atlas of Classical Geography. 24 Maps. By W. Hughes 
and Q-. Long, M.A Now Edition. Imperial Svo. 128. Gd. 

A Grammar-School Atlas of Classical Geography. Ten Maps 

selected from the above. New Edition. Imperial Svo. 5s. 

First Classical Maps. By the Rev. J. Tate, M.A. 3rd Edition, 

Imperial Svo. 7a. 6d. 

Standard Library Atlas of Classical Geography. Imp. Svo. 78. Qd. 
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PHILOLOGY. 

WEBSTER'S DICTIONARY OP THE ENGLISH LAN- 

flUAGE. With Dr. Malm’s Etymolofry. 1 vol. 1628 3000 Illus- 

tratioiis. 21.<>. With Appendices and 70 additional pages of Illastra< 
tions, 1919 pages, 3Ls. 6(1. 

* The best pbaotical English Dictionabt extant.’— Quarterly Eeview, 1873. 
Prospectuses, with spocimon pages, post free on application. 

New Dictionary of the English Language. Combining Explan¬ 
ation "with Etymology, and copiously illustrated by Quotations from the 
best Authorities. By Dr. Illchardson. New Edition, vrith a Supplement. 
2 Tols. 4to. 41. 14 r. 6d.; half rossia, 5t. 15.s. 6d.; russia, 61.12s. Supplement 
separately. 4to. 12.s. 

AnSvo. Edit, without the Quotations, 15s.; half mssia, 20.4.; russia,2>ls. 
Supplementary English Glossary. Containing 12,000 Words and 
Meanings occurnurr iu Plngli'^h Literature, not found in any other 
Dictionary. By T. L. t). D.avK".;. Dciiiy Hvo. 10.'. 

Folk-Etymology. A Dictionary of Words i)erverted in Form or 
.Meaning Ity Derivation or Ali,'>tiikeu Analogy. By lie v. A. S. Palmer. 
Ucmy8\(i. 2Ks. 

Brief History of the English Language. By Prof. James Hadley, 

LL.])., Vale College. I’ca-p. 8\o. Is. 

The Elements of the English Language. By E. Adams, Pb.D. 

Ifith Edition. Post 8vo. 4*. Gd. 

Philological Essays. By T. H. Key, M.A., F.R.S. 8vo. lOs. 6d, 
Language, its Origin and Development. By T. H. Key, M.A., 

F.R.W. 8vo. 14«. 

Synonyms and Antonyms of the English Language. By Arcli- 

doacoii Smith. 2nd Edition. Pi-.t8vo. 5«. 

Synonyms Discriminated. By Archdeacon Smitli. DemySvo. IBs. 
Bible English. By T. L. 0. Davies. 

The Queen’s English. A Manual of Idiom and Usage. By the 

late Doan Alford Otb Edition. Feap. bvo. 5.4. 

Etymological Glossary of nearly 2500 English Words de¬ 

rived I’rom the Greek. By tho Bev. E. J. Boyce. Fcap. 8vo. Ss. 6d. 

A Syriac Grammar. By G. Phillips, D.D. 3rd Edition, enlarged. 

8vo. 7» (id 

A Grairmar of the Arabic Language. By Rev. W. J. Boa- 

mout, M.A. 12mo. 7«. 


DIVINITY, MORAL PHILOSOPHY, &o. 

Novum Testamentum Grsecum, Textus Stephanici, 1650. By 
F. H. Scrivener, A.M., LL.D., D.C.L. New Edition. 16mo. 4s. Gd. Also 
on Writing Paper, with Wide Margin. Half-bonnd. 12s. 

By the same Author. 

Codex Bezss Cantabrigiensis. 4to. 26s. 

A Full Collation of the Codex Sinaiticus with the Received Text 
of tho Now Testamont, with Critical Introduction. 2nd Edition, rovisod. 
Fcap. 8vo. 5s. 

A Plain Introduction to the Criticism of the New Testament. 

With Forty Facsimiles from Ancient Manuscripts. 3rd Edition. 8vo. 18i>. 
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Six LectureB on the Text of the New Testament. For English 
Readers. Orotm 8to. 6s. 

The New Testament for English Bead^. By the late H. Alford, 
D.D. Vol. I. Part I. 3rd Edit. 12s. Vol. I. Part II. 2nd Edit. 108.6d. 
Vol. II. Fart I. 2nd Edit. ISs. Vol. II. Part II. ^d Edit. 16s. 

The Greek Testament. By the late H. Alford, D.D. Vol. I. 6th 

Edit. 11. 8s. Vol. II. eth Edit. 11. 4s. Vol. III. 5th Edit. 18s. Vol. IV. 
Part 1.4th Edit. IBs. Vol. IV. Part II. 4th Edit. 148. Vol. IV. 11.128. 

Companion to the Greek Testament. By A. C. Barrett, M.A. 
5th Edition, rerised. Foap. 8vo. 5s. 

The Book of Psalms. A New Translation, with Introductions, Ac. 
By the Very Rev. J. J. Stewart Pcrowne, D.D. 8vo. Vol. I. 5th Edition. 
18s. Voh II. 5th Edit. 168. 

-Abridged for Schools. 4th Edition. Crown 8vo. 10«. 6d. 

History of the Articles of Beligion. By G. H. Hardwick. 3rd 
Edition, Post 8vo. 5s. 

History of the Creeds. By J. B. Liniiby, D.D. 2nd Edition. 
CroTivn 8vo. 7s. 6d. 

Pearson on the Creed. Carefully printed from an early edition. 
With Analysis and Index by E. Wolford, M.A. Post 8vo. 5s. 

An Historical and Explsmatory Treatise on the Book of 

Common Prayer. By Re-v. W. G. Humphry, B.D. 6th Edition, enlarged. 
Small Post 8vo. 4s. 6d. 

The New Table of Lessons Explained. B^? Bcv. W. G. Humphry, 
B.D. Fcap. Is. 6d. 

A Commentary on the Gospels for the Sundays and other Holy 

Days of the Christian Year. By Rev. W. Dun ton, A.M. Now Edition. 
3 vols. 8vo. Sold separately. 

Commentary on the Epistles for the Sundays and other Holy 
Days of the Christian Year. By Rev. W. Denton, A.M. 2 vols. 36s. Sold 
Boparatoly. 

Oommentaiy on the Acts. By Bev. W. Denton, A.M. Vol. I. 
8vo. 18s. Vol. II. 14s. 

Notes on the Catechism. By Bev. Canon Barry, D.D. Gth Edit, 
Fcap. 2s. 

Catechetical Hints and Helps. By Bev. E. J. Boyce, M.A. 4th 
r Edition, revised. Fcap. 2s. 6d. 

' Examination Papers on Religious Instruction. By Bev. E. ? , 
Boyce. Sewed. Is. 6d. 

Church Teaching for the Church’s Children. An Exposition 
of the Catechism. By the Rov. F. W. Harper. Bq. Fcap. 2s. 

The Winton Church Catechist. Questions and Answers on the 
Teaching of the Church Catechism. By the late Rov. J. S. B. MonseU, 
LL.D. 3rd Edition. Cloth, Ss.; or in Four Parts, sewed. 

The Church Teacher’s Manual of Christian Instruction. By 
Rev. M. F. Sadler. 28th Thousand. 2s. 6d. 

Short Explanation of the EpisUes and Gospels of the Chris* 

tian Year, with Questions. Royal 32mo. 2s. 6d.; calf, 4s. 6d. 

Butler’S Analogy of Religion; with Introduction and Index by 
BiOv. Dr. Steere. New Edition. Foap. 3s. 6d. 



Educational Works, 
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Leotures on the History of Moral Philosophy in England. By 
W. Whewoll, D.D. Crown 8vo. 8s. 

Kent’s Commentary on Intemationed Law. By J. T. Abdy, 
LL.D. New and Ohoap Edition. Crown 8ro. 10s. 6d. 

A Manual of the Roman Civil Law. By Q. Loapingwell, LL.D. 

8vo. 12s. 


FOREIGN CLASSICS. 

A series for use in Schools, with English Notes, grammatical and 
explanatory, and renderings o f difficult idiomatic expressions. 

Fcap. 8i'o. 

SohUler's Wallenstein. By Dr. A. Buchheim. 3rd Edit. Gs. 6d. 

Or the Lr^rer and Piccolomini, Ss. Od. Wallenstein’s Tod, 3s. 6d, 

-Maid of Orleans. By Dr. W. Wagner. 3s. 3d. 

-Maria Stuart. By V. Kastner. 3s. 

Qnethe’s Hermann and Dorothea. By E. Bell,'M.A., and 

E. Wolfcl. 2.S. Cd. 

Gterman Ballads, from Uliland, Goethe, and Schiller. By C. L. 
Bi(‘lcl‘eld, Srd 1-Mition. 3s. 6J. 

Charles XII., par Voltaire. By L. Direy. 4th Edition. 3«. 6d. 
Aventurea de Tclcmaque, par Pension. By C. J. Delille. 2nd 

Edition. 4,s. Cd. 

Select Fables of La Fontaine. By F. E. A. Gaac. 14th Edition. 3a. 
Piociola, by X. B. Saiiitinc. By Dr.Dubuc. 11th Thousand. Is. 6d. 


FRENCH CLASS-BOOKS. 

Twenty Lessons in French. With Vocabulary, giving the Pro- 

nntKtinliou. liy W. Brebuer. Post 8vo. 4s. 

French Grammar for l*ublic SeJiooJs. By Eev. A. C, Glapin, M.A. 
Fcap. Svo. 9th Ed it in n, rcMti-d. 2.s, (hi. 

French Primer. By llov. A. C. Clapin, M.A. Fcap. Svo. 5th Edit. 

Is. 

Primer of French Philology. By Rev. A. C. Clapin. Fcap. Svo. 

Aiillhlit. Ls. 

iBb Nouveau Tresor; or, French Student’s Companion. By 

M. E. 8. 10th Editloi). Fcap. Svo. 3s. 6d. 

F. E. A. GASC’S FRENCH COURSE. 

First French Book. Fcap. Svo. 80th Thousand. 1#. Gd. 
Second French Book. 12nd Thou.sand. Fcap. Svo. 2s. Gd. 
Key to First and Second French Books. Fcap. Svo. 8s. Gd. 

French Fables for Beginners, in Prose, with Index. 15th Thousand. 
12mo. 2s'. 

Select Fables of La Fontaine. Now Edition. Fcap. Svo. 3«. 
BUstoires Amusantes et Instructives. With Notes. 14th Thou. 

Band. Fcap. 8ro. 2s. 6d. 
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George Bell and Sons' 


Practical Guide to Modem French Conversation. 12th Thou¬ 

sand. Fcap. 8ro. 2s. 6d. 

French Poetry for the Young. With Notes. 4th Edition. Fcap. 

8to. 2s. 

Materials for French Prose Composition; or, Selections'from 

the best English Prose Writers. 16th Thousnud. Fcap. 8vo. 4s. 6<1. 
Key, 6s. 

Prosateurs Contemporains. With Notes. 6vo. Gth Edition, 

revised. 5s. 

Le Petit Compagnon; a French Talk-Book for Little Children. 

11th Thousand. 16ino. 2s. 6(1. 

An Improved Modem Pocket Dictionary of the French and 

English Languages. SOtli Thousand, with Additions. 16uio. Cloth, 

Also in 2 vols. in neat leatherette, 5.s. 

Modem French-English and English-French Dictionary. 2ud 

Edition, revised. In 1 vol. 12s. 6cl. (foianorly 2 vols. 25s.) 


GOlilBEllT’S FKENCH DRAMA. 

Being a Selection of the host Tragedies and Comodi('H of Moliere, 
Racine, Coiaieille, and Voltaiix*. With Arguments fiiid Notes i«v >\. 
Gonil^rt. New Edition, revised by F. E. A. Case. Fcap. 8vo. Is. ; 

OONTKSTS. 

Molhshe :—Lc Misanthro].io. L'Avaro. Le Rourgeois Gentilhomme. I/i 
Tartnifc. Le Malnde Imaginaire. Los Feiuiuos Savantos. Loh FoiirJjoi'ic-! 
de Scapin. Los Pr^cieusos liidieulos. L'Kcolo des Femmes. L’Ecolc 
Maris. Le M^decin malgr^ Lui. 

Bacine: —Ph<idre, Esther. Athalie. Iphigduic. Les Pl.aidcurs. La 
Thdbaidc; on, Les Freres Ennomis. Andromaquo. liritanuicus. 

P. Corneille: —LeCid. Horace. Cinnti, Polyencto. 

• VOLTAIUE :-tZairo. 


GERMAN CLASS-BOOKS. 

Materials for German Prose Composition. By Dr Buchhenn. 

7th Edition. Fcap. 4s. 6d. Key, 3s. 

Wortfolge, or Rules and Exercises on the Order of Words in 

German Sentences. By Hr. F. Sfeck. Is. dd. 

A German Grammar for Public Schools. By the Rev. A. C. 

“ Clapin and F. Holl Milllcr. 2nd Edition. Fc^p. 2s. Od. 

Kotzebue’S Der Gefangene. With Notes by Dr. W. Strombei g'! Is. 


ENGLISH CLASS-BOOKS. 

A Brief History of the English Language. By Prof. Jas. Hadley, 

LL.D., of Yale College. Fcap. 8vo. Is. 

The Elements of the English Language. By E. Adams, I'h.D. 

Idth Edition. Post 8vo. 4s. 6d. 

The Rudiments of English Grammar and Analysis. By 

E. Adams, Ph.D. 8th Edition. Fcap. 8vo. 28. 





liy 0 . P. Mason, Fellow of Univ, Coil. London. 

First Notions of Grammar for Young Learners. Fcap. 8vo. 
loth Thousand. Cloth. 8d. 

First Steps in English Grammar for Junior Classes. Demy 
ISmo. 32ud Tlioasand. Id. 

Outlines of English Grammar for the use of Junior Classos. 
31st Thousand. CrowTi 8vo. 2s. 

English Grammar, including the Principles of Grammatical 
Analysis. 25th Edition. 86t1i Thousand. Crown 8vo. 3s. 6d. 

A Shorter English Grammar, with copious Exercises. 8th Thou- 
Biind. Crown 8\ o, Ss. Gd. 

English Grammar Practice, being the Exercises separately. 1*. 
Code Standard Grammars. Tarts I. and 11.2d. each. Parts IV. 
and V. -'hi. c‘.w:li. 


Practical Hints on caching. By liov. J. Menct, M.A. Gth Edit. 

I'cvisi'd. Crown o. cloth, 2s, Cd.; paper, 2s, 

How to Enrn the Merit Grant. A ^Manual of School Manage- 
iTi'iit, Dy If, ll.A., H.Sf. 2i)-l Edit, rovi'-od. Tart I. Infant 

iSi'liool, r; . I’aitll 1'^. Oorajih-’e, tl.s. 

Test Lessons in Dictation. 2nd Edition. Paper cover, Is. Cd. 
Questions for Examinations in English Literature. By Bei 

W. W. Ski.at, Pj'of of Auglo-yaiou at (‘,inihridee Uniyersity. 2.s. Cd. 
Drawing Copies. By P. H. Dolamotte. Oblong 8vo. 12s. Soi 

also in pai ir. at Is. cswh. 

Poetry for the Schoolroom. Now Edition. Fcap. 8vo. 1«. 6d. 

Geographical Text-Book; a I*ractioal Geography. By M. B. 
12mo. 2.. 

Tlie Elank Mapa done up separately, 4to. 2s. colonrod. 

Loudon'S (Mrs.) Entertaining Naturalist. New Edition. Bevist 

by W. S. Dallas. F.L.S. 5s. 

-Handbook of Botany. Now Edition, greatly enlarged ’ 

P. Woosti-r. l-'eap. 2.s. Gd. "* 

Tne Botanist’s Pocket-Book. W'itli a copious Index. By W 
Ilaywai'il. .Snl Edit, revised. Crown 8yo. rloth limp. 4.s, Gd. 

Experimental Chemistry, founded on the Work of Dr. Stockhai 
By C. "W. Ifeatou. Post 8vo. Ss. 

Trouble Entry Elucidated, By B. W. Foster. 12th Edit. 

3s. Gd. 

A New Manual of Book-keeping. By P. Crellin, Accour 

Crown &VO. 3s, 6d. , 


Picture School-Books. In Simple Language, with mr 
Illiist»tious. Royal IGmo. 

SchoolSf-imev. Gd.—School Reader. By J. Tilloard, Is.—Foot 
for SohfiolW Is.—The Life of Joseph. Is.—The Scripture Parables. 
Rev. jTTS. Clarke, l.s.—The Scriirturo Miracles. By the Rev. J. B. 
l,s.—The New Tcptameiit History. By the Rev. J. G. Wood, M.A. 
Old, Testament History. By the Rev. J. (4. Wood, M.A. Is.—The 
Btv yan’s Pilirrim's Progress. Is .—The Life of Chi*istopher Coluu 
Sarah Crou»iiteii. Is.—The Life of Martin Luther. By Sarah Crom; 
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BOOKS FOR YOUNQ READERS, 

«4 JSMes ofJiMdtnffJBeoXts d&BMpMd lofadh tote Uie acqia v tmi ofiJie jmoer 
i^Remmgbymtyycmig CjfuMren. In 8 vola. Imp cloih, 8d. each. 

Oftt and the Hen. Sam and hbi Dog Bed-leg .') 
and Tom Lee. A Wreck. ( 

*!rhei Hew-boam Lamb. The Bosewood Box. Poor ( 

Pea. SObaepDog. ) 

!the Story of Three Monkeys. 

Story of a Cat. Told by Herself. 

The Blind Boy. The Mute Girl. A New Tale of 
Babes in a WooA 

The Dey and the Knight The New Bank Note 
Tbe Royal Visit A King’s Walk on a WiniorS Daj 
jQneen Bee and Busy Bee. 

QaK's Crag. 

A inrst Book of Geography. By the Bev. C. A. Johns. 

Blnstrated. Double sizoi Is. 


SidtahU 

Uvr 

Standaidi, 

1. A II. 


BELL’S READING-BOOKS. 

BOB SCHOOLS AND PAROCHIAL LIBRARIES. 

!l!liapo|Milarttyof the ‘ Books for Young BelAers* is a suflicitni pioof tliat 
tMAen and pupils alike approve of the use of mteicoiing ston< h, in pi iro of 
tbs uxy combination of letters and syllables, of uhich eloun ut4ir> i < aduig books 
geaiarMly consist ThePnbliaherslmvethLrofoiotliOTicrhtit nhi ibletocxtoud 
toe epphoation this principle to books adapted tor luou u di ciuccd i oadci a. 

Now Seady. Pokt 8vo, Stiongly hound. 

Ifimm’a German Tales. (Selected.) Is. 
jDdaanen’s Danish Tales. (Selected) Is. 

Gy*eat Xinghshinen. Short Lives for Young Cluldron. Is. 

Great BngHshwomen. {In tlu 

^Aiob’s Tales from Shakespeare (Selected.) Is. 
dgeworth's Tales. A Selection. Is. 
rtanda in For and Feathera. By Chvynfryu. Is. 
ffiirablea from Nature. (Seleeted.) ByMrs. Gatty. Is. 

‘'he light of Truth, and other Parables !>;}> Mis. 

Gatty Is 

‘‘astiiniiaxi, Beady. By Capi Marryat. (Abgd) Is.Gd. 

dUver’a Trav^. (Abrid^d.) is. 

vtoi or, GUmpsea of Life In France. By A. B. Elhs. 

la 

*naon Oroaoe. 1«. 6d. 

Yioar of Wakefield. Abridged. U. 
aam in Canada. By Capi Maxxyat. (Abdg.) ls.Gd. 

'jr jhf By D. Munro. Is. 

MaZifhfldHeiiah. (Abridged.) Is. 
iliUtothllMwWeQingtoiLtdthMapsandPla^^ Is. 

Iqppihha of too Omet % Bunoiman. Is. 
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9 ^ fiOtSf town Street. Bt. Mui tin’s Lane. 
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